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(54) Anti-lock braking system 

(57) An anti-lock braking system includes a friction 
torque gradient estimating unit for estimating, from a 
small number of parameters, the gratfiertt of friction 
torque with respect to a slip speed, and controls a brak- 
ing force acting on wheels on the basis of the friction 
torque gradient estimated by the friction torque gradient 
estimating unit The friction torque gradient estimating 
unit may employ several types of estimating methods; 
e.g., a method of estimating the gradient of friction 
torque from only time-series data concerning a wheel 
speed: a method of estimating the friction torque gradi- 
ent from time-series data concerning wheel decelera- 
tion as well as from braking torque or time-series data 
concerning physical quantities associated with the brak- 
ing torque; or a method of estimating the friction torque 
gradient from micro-gains which are obtained when 
brake pressure is excited in a very small amount at the 
resonance frequency of a vforation system comprising a 
vehicle, wheels, and a road surface and which repre- 
sent the characteristics of the vforation system. Further, 
there is also disclosed a method of determining, from 
the thus-estimated friction torque gradient the Emit of 
the characteristics of friction torque developed between 



the wheels and the road surface. 
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Description 

BACKGROUND OF THE INVENTION 

5 The present invention relates to an anti-lock braking system (hereinafter referred to as an ABS) which comprises 
means for estim a t in g, from a small number of parameters, the gradient of friction torque that wheels of a vehicle receive 
from the road surface(hereinafter referred to as a friction torque gradient) with respect to a slip speed, and which con- 
trols a braking force acting on wheels on the basis of the friction torque gradient estimated by the friction torque gradient 
estimating means. 

10 More specifically, the friction torque gracfient estimating means may employ several types of estimating methods; 
e.g., a method of estimating the friction torque gracfient from only time-series data concerning a wheel speed; a method 
of estimating the friction torque gradient from time-series data concerning wheel deceleration as wen as time-series 
data concerning the braking torque or physical quantities associated with the braking torque; or a method of estimating 
the friction torque gradient from micro-gains which are obtained when brake pressure is exerted in a very small amount 

75 at the resonance frequency of a vibration system comprised of a vehicle body, wheels, and a road surface and which 
represent the characteristics of the vibration system. 

Further, there is also a method available for determining, from the thus-est ima ted friction torque gradient, the limit 
of the characteristics of friction torque developed between the wheels and the road surface. As a result of the limit deter- 
mination means determining the limit by this determination method, the stalling point for anti-lock brake control and 

20 other various control operations can be accurately obtained. 

The ABS control method based on the estimated gracfient erf friction torque is divided into two methods: namely, a 
servo control method by which the quantity of behavior of the wheel, or a physical quantity associated with the motion 
of the wheel, is controlled so as to follow a target value; and a method by which an estimated gradient of friction torque 
is controlled so as to match a reference value. 

25 In the servo control method when the limit of the friction torque characteristics is determined by the limit determi- 
nation means, arithmetic operations are executed in order to correct a preset target quantity of behavior of the wheel. 
As a result, stable anti-lock braking operation can be ensured on a road surface where the gradient of friction torque 
drastically changes in the vicinity of the peak friction coefficient fji). 

According to anti-lock brake control in which the gradient of friction torque is controlled so as to match a reference 

30 value, the accuracy of estimation is significantly improved by estimating the friction torque gradient through use of a 
small number of parameters, whereby more accurate anti-lock brake control is implemented. More particularly, in a case 
where a micro-gain (which is one type of representation of the friction torque gradient) is controlled so as to follow a 
reference value, the brake pressure of only the reference wheel is excited in a very small amount. In order to prevent 
interference between wheels due to the small vibration of the brake pressure, the other wheels are subject to at least 

35 either wheel-speed follow-up servo control or braking-force follow-up servo control. 

Description of the Related Art: 

In a conventional anti-lock braking system, a vehicle speed signal, a vehicle accelerationAdeceleration signal, and 
40 a signal regarding a speed analogous to the vehicle speed are produced from a signal output from a wheel speed sen- 
sor. Anti-lock braking operation is effected by comparing these signals with each other and controlling a braking force 
according to the result of such comparison. 

Japanese Patent Application Laid-open No. 61-196853 discloses an anti-lock brake controller, wherein the risk of 
wheel locking is determined by comparison between an estimated vehicle speed and a reference speed calculated from 
45 the wheel speed or the like. If the risk of wheel locking exists, the braking force is reduced. In this anti-lock brake con- 
troller, as shown in FIG. 16, an estimated vehicle speed V v is determined by connecting, at a given slope, the valleys of 
speed V w calculated from the wheel speed, ft is understood that there can be a difference between the estimated vehi- 
cle speed W and an actual vehicle speed Vv*. 

In this anti-lock brake controller, in order to prevent the estimated vehicle speed W from becoming greater than the 
so actual vehicle speed Vv* due to variations in the wheel ground-contact load at the time of traveling on a bad road, the 
rate of increase in the estimated vehicle speed is suppressed in a case where the wheel speed changes to a value 
greater than the estimated vehicle speed. 

If brakes are applied to the vehicle which is traveling at a certain speed, slip occurs between the wheels and the 
road surface. It is known that the friction coefficient \i between the wheel and the road surface changes with respect to 
55 a slip rate S expressed by the following Equation and in the manner as shown in FIG. 17. 

S = (W - Vw)/W* (1) 
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where W* is the actual vehicle speed, and Vw is the wheel speed. 

Accorcfing to these \i-S characteristics, the friction coefficient \i reaches a peak value at a certain sip rate (corre- 
sponding to a region A2 in FIG. 17). If the sfip rate at which the friction coefficient u reaches the peak value is known in 
advance, the s^p rate can be controlled by determining the slip rate from the vehicle speed and the wheel speed. 

s For this reason, in an anti-lock brake controller disclosed in Japanese Patent Application Laid-open No. 1 -249559. 
the slip rate is calculated from an approximate value of the vehicle speed and the wheel speed or the Idee, and the brak- 
ing force is controlled on the basis of the comparison between the calculated slip rate and a preset sBp rata In order to 
prevent the vehicle from being maintained in the state of no brake for a long period of time due to a difference between 
the estimated vehicle speed W and the actual vehicle speed W*. the anti-lock brake controller is designed to prevent 

10 the brake pressure from being maintained at lowered pressure for a period longer than required. 

As shewn in FIG. 18, the conventional anti-lock brake controller is comprised of a vehicle-speed estimating section 
2 for estimating the estimated vehicle speed Vv from a wheel speed and a vehicle acceleration cVy/dt; and a braking- 
force control section 3 which detects a locked state of the wheel from the wheel speed and the estimated vehicle 
speed Wand which controls a braking force Pb to be suppfied to a driving system 1 of the vehicle. Specifically, the brak- 

15 ing-torce control section 3 controls the braking force applied to the four wheels at one time or independently of each 
other through so-called PID control operation. 

However, the previously-descrtoed conventional anti-lock brake controller presents the following problems: 
Namely, in order to allow the vehicle-speed estimating section to estimate a vehicle speed, the braking force must 
be returned urrtfl a speed Vw determined from the wheel speed and the actual vehicle speed Vv* match or become 

20 approximately equal to each other, as shown in FIG. 16. Therefore, the braking force applied to the wheels must be 
repeatedly increased or decreased at a comparatively low frequency. Further, since the vehicle speed to be compared 
with a reference speed is an approximate value determined from the wheel speed or the vehicle acceleration/deceler- 
ation, the estimated vehicle speed sometimes substantially defers from the actual vehicle speed. In some cases, the 
wheels lapse into a locked state for a long period of time, or the braking force is reduced drastically in order to return 

25 the vehicle to an unlocked state. As a result, the behavior of the vehicle is considerably affected, resulting in an increase 
in the braking distance or unpleasant vbration. 

For the case of the anti-lock brake controller which controls the braking force according to a slip rate, the slip rate 
at which the friction coefficient becomes maximum can be readily anticipated to change depending on the state of road 
surface on which the vehicle travels. Accordingly, it has been necessary to detect and estimate the states of road sur- 

30 face and to prepare a plurality of reference slip rates corresponding to the states of road surface or to change the ref- 
erence slip rate in accordance with the state of road surface. 

US Patent No. 4,794,538 (Dec. 27, 1988) cfisctoses a method by which the friction coefficient u between the wheel 
and the road surface is estimated from the wheel cylinder pressure and the wheel speed, and the braking force acting 
on the wheel is controlled in accordance with the thus-obtained friction coefficient u. In this technique, through use of 

35 an online identification method in accordance with a mathematical model for the wheel and the vehicle speed, three 
parameters (pg, p|, c^are identified by time-series data of the wheel cylinder pressure and the wheel speed. The gra- 
dient of friction coefficient *ionthe road surface is calculated from the thus-identified parameter p?. and the friction coef- 
ficient n is calculated from the gradient This technique allows the friction coefficient n or the gradient of friction 
coefficient u to be obtained for each road surface even without estimating vehicle speed. As a result, some of the fore- 

40 going problems can be solved. 

In general, use of the system identification method requires a number of computations proportional to the square 
of the number of parameters to be identified. Further, the accuracy of identification becomes worse with an increase in 
the number of parameters. This conventional method requires identification of three parameters at one time and 
involves a large number of computations, and suffers a problem associated with the accuracy of identification. 

45 Any one of the aforementioned anti-lock brake control systems has nonlinear characte r istics strongly affected by 
the characteristics of the tire. Since the anti-lock brake control means controls the braking force Pb applied to the four 
wheels, at one time or independently of each other through PID control operation, without consideration of the interfer- 
ence among the four wheels, fine anti-lock brake control cannot be effected. 

The present invention has been conceived in order to solve the previously-described drawbacks in the background 

so art. In accordance with a first aspect of the present invention, the object of the present invention is to provide an anti- 
lock brake controller which estimates the gratfient of friction torque with respect to the slip speed through use of a small 
number of parameters and with a high degree of accuracy rather than by detecting the locked state of the wheel from a 
comparison between the wheel speed and the vehicle speed or a comparison between slip rates; and which, regardless 
of the state of road surface, is capable of stably and comfortably effecting anti-lock braking operation in accordance with 

55 the gradient of friction torque. Another object of the first aspect of the present invention is to provide an anti-lock brake 
controller capable of effecting a fine anti-lock brake control operation in consideration of the interference among the four 
wheels. Still another object of the present invention is to provide a friction torque gradient estimating device capable of 
estimating the gradient of friction torque with respect to the slip speed through use of a small number of parameters and 
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with a high degree of accuracy. 

With regard to the anti-Jock brake control operation, there is a conventional technique of determining the starting 

point for antHock brake control to bring the wheel into a predetermined moving stata In this technique, the wheel speed 

vyus differentiated with regard to time, so that wheel deceleration dVp/dt is obtained. When the wheel deceleration 
5 dVpAlt becomes smaller than a gven value -ao (preset wheel deceleration), the brake pressure is reduced in order to 

prevent wheel locking fStufiesonan ABS of a Vehicle," Japan ABS Co., Ltd., pp. 47 to 51). 

However, the above-described method of determining the starting point for anti-lock brake control has a problem 

that if brake is gently applied to the drive wheel on the road having a small friction coefficient \i to such an extent that 

the wheel deceleration does not reach the given value -Qq, the commencement of anti-lock brake control is not deter- 
io mined, thereby resulting in wheel locking. In short, if the road surface on which the vehicle travels has a small friction 

coefficient u, a small degree of braking torque develops, so that a small extent of wheel locking is caused even by gentle 

application of brakes. 

This problem is encountered not only in ABS but also in the technique of controlfing the wheel so as to enter into a 
predetermined state of motion such as traction control (TRC); e.g., the technique of holding the wheel in the state of 
75 motion immediately before wheel locking so as to follow the peak friction coefficient ji or the technique of maintaining 
the wheel in the region of a predetermined slip rate. This problem is principally ascrfced to the fact that the dynamic 
characteristics of the motion of the wheel change depend ng on the friction coefficient n of the surface of the road on 
which the vehicle travels. 

The present invention has been conceived in order to solve the foregoing problems. In accordance with a second 
20 aspect of the present invention, the object of the present invention is to provide a control start determination method 
capable of accurately and stably determining the starting point for control to bring the wheel into a predetermined state 
of motion regardless of the friction coefficient u of road surface and the mildness/hardness of brakes. 

As described above, the anti-Jock brake system that controls the braking force according to a slip rate must control 
the braking force in accordance with the state of road surface. To this end, there has been proposed an anti-lock brake 
25 controller (Japanese Patent Application No. 7-220920). In this controller, rather than detecting the locked state of the 
wheel by a comparison between slip rates, the braking force acting on the wheel is excited in a very small amount at a 
resonance frequency ^ of a wheel vibration system which is comprised of the road surface and the wheel (in a state in 
which the wheel holds the road). The state of the wheel when a sharp reduction arises in the resonance frequency com- 
ponent of the wheel speed due to the shift of the resonance frequency of the vibration system is deemed as the state 
30 of the wheel immediately before it becomes locked, and braking forces are reduced. 

In the anti-lock brake controller that excites the braking force in a very small amount braking forces acting on all 
the wheels must be excited in a very small amount in order to prevent all the wheels from becoming locked. To this end, 
each wheel must be provided with an actuator for the purpose of minute excitation. 

In a case where the right and left wheels are excited in a very small amount at the same time so as to follow the 
35 peak friction coefficient u on a so-called split road whose surfaces afford differing coefficients of friction u, the wheels 
receive differing frictional forces (i.e., braking forces) from the left and right road surfaces in the traveling direction of the 
wheel and in the opposite direction because of the cfifference in the coefficients of friction \i between the right and left 
road surfaces, resulting in vehicle instability. 

Further, if either one of the right and left drive wheel connected to a drive shaft is excited in a very small amount, 
40 vtorations having an excitation frequency are transmitted to the other drive wheel by way of the drive shaft, resulting in 
an interference between the right and left drive wheels. 

The present invention has been conceived in order to solve the foregoing problems. In accordance with a third 
aspect of the present invention, the object of the present invention is to provide an anti-lock brake controller which 
excites braking forces in a very small amount, wherein the minimum required number of wheels are excited in a very 
45 small amount, and instable traveling of the vehicle on the spfit road surface which affords differing coefficients of friction 
at the right and left road portions and interference between the right and left drive wheels are prevented. 

SUMMARY OF THE INVENTION 

so To accomplish the foregoing objects, in accordance with the first aspect of the present invention, there is provided 
an anti-lock brake controller including: wheel-speed sensing means which senses a wheel speed at given sampling 
intervals; torque-gradient estimating means which estimates the gradient of friction torque with respect to a slip speed 
in accordance with the time-series data concerning the wheel speed detected by the wheel-speed sensing means; and 
control means which controls braking forces acting on the wheels in such a way that the gradi ent of friction torque esti- 

55 mated by the torque-gradient estimating means falls within a predetermined range inducting a reference value. 

Preferably, the torque-gradient estimating means further includes first computation means which calculates a phys- 
ical quantity related to a variation in the wheel speed and a physical quantity related to a change of the variation in the 
wheel speed in accordance with the time-series data concerning the wheel speed; and second computation means 
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which calculates a physical quantity representing both a time history of the physical quantity related to the variation in 
the wheel speed and a time history of the physical quantity related to the change of variation in the wheel speed, in 
accordance with the physical quantity related to a variation in the wheel speed and the physical quantity related to the 
change of variation in the wheel speed calculated by the f irst computation means, and which estimates the gradient of 
friction torque in accordance with the thus-calculated physical quantity. 

Preferably, the second computation means approximates the state of motion of the wheel obtained when the friction 
torque and the braking forces are exerted on the wheel, using gradient model in which the friction torque changes line- 
arly in accordance with the padient of friction torque with respect to the slip speed; previously converts the thus-approx- 
imated state of motion into the relationship between the gradient of friction torque with respect to the slip speed, which 
is a parameter to be identified, the physical quantity which is related to the variation in the wheel speed and the physical 
quantity which is related to the change of the variation in the wheel speed; and estimates the gradient of friction torque 
with respect to the slip speed by applying an on-fine system identification method to data obtained by having sequen- 
tially applied to the above-described relationship the time-series data concerning the detected wheel speed. 

Preferably, the first computation means calculates the physical quantity related to the variation in the wheel speed 
according to the following Equation: 

{©/[k-IJ-o^qj/J-i 



♦ iM = ] 

where G>j[k] represents time-series data concerning the speed of an Mh wheel detected at a sampling point in time k (k 
= 1,2 ), x represents a sampling interval, and J is the inertia of the wheel. 

Then, the first computation means also calculates the physical quantity related to the change of variation in the wheel 
speed according to the following Equation: 

y ,[k] = - cd ,[k] + 2o,[k - 1] - ©,[k - 2] . 

Further, the second computation means preferably estimates, from the following recurrence formula, the physical quan- 
tity 0; representing the time history of the physical quantity related to the variation in the wheel speed and the time his- 
tory of the physical quantity related to the change of variation in the wheel speed: 

0 l [k] = 0 f [k-1] + L,[k](y l M-* I M T • d,[k- 1D 
L iM = j 

H x+*^] r p / [/c-i]*^i J 

where A. is an oblivion coefficient and " T " is the transposition of a matrix, and 

obtains the first element of the matrix of e stimate d value 0 , as the gradient of friction torque with respect to the slip 



In accordance with the first aspect of the present invention, there is provided an anti-lock brake controller which 
includes wheel deceleration sensing means for sensing a wheel deceleration; braking torque sensing means for sens- 
ing a braking torque; torque-gradient estimating means which estimates the gradient of friction torque with respect to a 
slip speed in accordance with time-series data concerning wheel deceleration detected at given sampling intervals, and 
braking torque detected at given sampling intervals or time-series data concerning a physical quantity related to the 
braking torque; and control means which controls braking forces acting on the wheels in such a way that the gradient 
of friction torque estimated by the torque-gradient es timatin g means fads within a predetermined range inducting a ref- 
erence value, wherein the state of motion of the wheel obtained when the friction torque and the braking torque are 
exerted on the wheel is approximated by a gracfient model in which the friction torque changes linearly in accordance 
with the gradient of friction torque with respect to the slip speed; the thus-approximated state of motion is previously 
converted into the relationship between the gradient of friction torque with respect to the slip speed, which is a param- 
eter to be identified, the physical quantity which is related to the variation in the friction torque and the physical quantity 
which is related to the variation in the slip speed, which are both represented by the braking torque and the wheel decel- 
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eration, and the gradient of friction torque with respect to the slip speed ts estimated by applying an on-fine system iden- 
tification method to data obtained by having sequentially appfied to the above-descrtoed relationship the time-series 
data concerning detected wheel deceleration and the time-series data concerning the detected braking torque or the 
physical quantity related to the braking torqua 

5 Preferably, the torque-gradient estimating means estimates the g/adient of friction torque of each wheel as follows. 
More specifically, provided that "yjDT represents time-series data concerning the wheel deceleration of the Mh wheel at 
a sampling point in time 1," TbfiT represents time-series data concerning braking torque, V represents the given sam- 
pling interval. "J" represents the inertia of the wheel, "FV represents the radius of the wheel, "M" represents the mass 
of the vehicle, T b [fl" represents a vector which includes as components the time-series data concerning the braking 

10 torque of each wheel, MD" represents a vector which includes as components the time-series data concerning the 
deceleration of each wheel, "I" represents a unit matrix, and "A" represents a matrix which includes {(J/MRc 2 ) + 1 } as a 
diagonal element and J/MRc 2 as a nondiagonaJ element then the physical quantity T concerning the variation in the 
friction torque and the physical quantity + concerning the variation in the slip speed are expressed by the following For- 
mulae: 

15 

f = -J(yO + l)-yOJ) + T b D+i]-T b [D 
* = x • A . yffl + ^l-AJTjD. 

20 

Provided that "K" is a matrix which includes as a diagonal element the gradient of friction torque of each wheel 
(which is a parameter to be identified) and includes 0 as a nondiagonal component, the approximated state of motion 
is previously converted into the following Equation: 

25 

K • <>=f. 

Data are obtained by sequentially applying to the previous Equation the time-series data y£j] fl = 1 , 2, 3, ...) con- 
cerning detected wheel deceleration and the time-series data TbjQ] 0 = 1. 2. 3, ...) concerning detected braking torque. 

30 The on-line system identification method is then applied to the thus-obtained data, whereby the gradient of friction 
torque of each wheel is estimated. 

Preferably, the control means calculates the amount of application of braking force to each wheel and controls the 
braking force acting on each wheel in accordance with the thus-obtained amount of application of the braking force. 
More specifically, a slip speed at which the friction torque developed in each wheel becomes maximum is handled as 

35 an equilibrium point The state of motion of each wheel obtained when the friction torque and the amount of application . 
of a braking force which acts on the wheel in the vicinity of the equilibrium point are exerted on each wheel, and the 
state of motion of the vehicle obtained when the friction torque developed in each wheel is exerted on the overall vehicle 
are used together with the first and second models. In a first model, a nonlinear variation in the friction torque of each 
wheel with respect to disturbance in the slip speed of each wheel in the vicinity of the equilibrium point is represented 

40 as a linear variation which changes within a first range with respect to disturbance in the slip speed of each wheel. Ina 
second model, a nonlinear variation in the gradient of the friction torque of each wheel with respect to disturbance in 
the sfip speed of each wheel in the vicinity of the equflbrium point is represented as a linear variation which changes 
within a second range with respect to the disturbance in the slip speed of each wheel. The above-desenbed amount of 
application of the braking force to each wheel is determined such that the first and second ranges fall within a predeter- 

45 mined allowable range and that the gradient of friction torque determined by the second model which is designed in 
such a way that the second range falls within the predetermined allowable range matches the gradient of friction torque 
estimated by the torque-gradient estimating means. The braking force acting on each wheel is controlled in accordance 
with the thus-obtained amount of application of the braking force. 

Preferably, the torque-gradient estimating means has rrricro-excrting means for exciting the brake pressure in a very 

so small amount at a resonance frequency of a vibration system made up of a vehicle body, wheels, and road surface; 
micro-gain computation means for calculating a micro-gain which is a ratio between a very small amplitude of brake 
pressure obtained when the brake pressure is excited in a very small amount by the micro-exciting means and a very 
small amplitude of the resonance frequency component of the wheel speed; and output means which estimates the gra- 
dient of friction torque with respect to the slip speed in accordance with the micro gain calculated by the micro-gain 

55 computation means and which outputs the thus-estima te d gradient of friction torqua 
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[The Principles of Anti-lock Brake Controllers in accordance with the First aspect of the Invention] 

A braking force acts on the road surface via the surface of a tire tread which comes into contact with the road sur- 
face. In effect, this braking force acts on the vehicle body as a reaction (friction torque) from the road surface through 
5 the mecfium of a frictfonal force developed between the road surface and the wheel. If a braking force applied while the 
vehicle is traveGng at a certain speed, slippage arises between the wheel and the road surface. At this time, the friction 
torque that acts on the wheel as a reaction from the road surface changes in the manner as shown in FIG. 5 with 
respect to a slip speed (converted to an angular velocity) expressed by the following Formula: 

10 ffl s = fi> v -0, 

where a\ is the vehicle speed (equivalentty expressed in the form of an angular velocity), and <Dj a wheel speed of the 
i-th wheel converted into the angular velocity (Y designates the number of wheel. i= 1.2, 3, ...). 

As shown in FIG. 5, initially the friction torque increases with an increase in the sip speed. The friction torque 
is reaches the maximum value f c at a sip speed <dq and decreases with an increase in the sip speed at slip speeds 
greater than ©q. Here, the slip speed (dq corresponds to a slip speed obtained when the friction coeff icient between the 
wheel and the road surface is at the rnaxirnurn (a peak friction coefficient n corresponding to the peak friction coefficient 
Hin FK3.17). 

As is obvious from FIG. 5, the friction torque gradient with respect to the sip speed (hereinafter referred to as the 
20 friction torque gradient) is positive ( > 0) when < oo. zero when <o 8 = g> 0 , and negative (< 0) when g^xdq. When 
the friction torque gradient is positive, the wheel is in a gripping state. When the gradient of friction torque is zero, the 
friction coefficient u is at the peak. When the friction torque gradient is negative, the wheel will be locked. In this way, 
the dynamic characteristics of the motion of the wheel changes in accordance with the friction torque gradient, and 
therefore the state of motion of the wheel can be estimated. 
25 In the first aspect of the present invention, the friction torque gradient at the present in time is estimated from only 
the time-series data concerning the wheel speed without estimating the vehicle speed. The braking force acting on the 
wheel is controlled so that the thus-estimated friction torque gradient will fall within a given range of values including a 
reference valua 

Alternatively, the friction torque gradient at the present time is estimated from the time-series data concerning the 

30 wheel deceleration and the time-series data concerning braking torque without estimating the vehicle speed. The brak- 
ing force acting on the wheel is controlled so that the thus-estimated friction torque gradient win fall within a given range 
of values including a reference value. A physical quantity associated with the braking torque; e.g., a wheel cylinder pres- 
sure, can be used as a substitute for the braking torqua 

In the present invention, therefore, the wheel can be maintained at the state of motion corresponding to the friction 

35 torque gradient in the predetermined range including a reference valua The friction torque gradient will inevitably 
become zero at the peak friction coefficient \i even rf the sip speed at which the friction coefficient u reaches its peak 
has changed in response to the state of road surface on which the vehicle travels, so long as the reference value is set 
to zero corresponding to the peak friction coefficient p. Therefore, the peak friction coefficient ji can be completely fol- 
lowed, so long as the friction torque gradient is controlled so as to become zero. Further, the need for a vehicle speed 

40 estim a t in g section is eliminated, and hence the need for repetition of increases/decreases in the braking force is also 
eliminated. As a result, stable diving becomes feasible. [The Principle of Estimation of the Friction Torque Gradient in 
accordance with the First Aspect of the Invention] 

The motion of each wheel and the vehicle body is expressed as follows (The following descriptions will be based 
on the assumption that the number of wheels is four. However, the present invention will not be limited to this specific 

45 example.): 

Joi^F^/R^^-Ty (1) 



50 



(2) 



where Ff represents a braking force developed in the i-th wheel, Ty" the braking torque applied to the i-th wheel in 
response to a stepping-on force. "M" the mass of the vehicle, "Re" the effective radius of the wheel, "J" the inertia of the 
wheel, and V the vehicle speed (see FIG. 11). In the above Equation, reference symbol • denotes Differential with 
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respect to time. In Eqs. (1) and (2), is indicated as a function of the sGp speed (v/Rc - c^). 

The vehicle speed is equivalent^ represented as an angular velocity <a» and the friction torque R<J7 is expressed 
as the Onear function of the sfp speed (gradient kp and intercept Tj on the y-axis). 

5 V = R c o v (3) 

R C F,X© V . o,)sk,x(o v . <d,) + T, (4) 

Further, when Eqs. (3) and (4) are substituted into Eqs. (1) and (2) and the wheel speed ©j and the vehicle speed 
io gv are represented as time-series data ©Jk] and av[k] which are wheel speed and the vehicle speed o\ sampled at 
sampling intervals x (where "k" is a sampling point in time; k= 1. 2, ... which are separated from each other by the sam- 
pling interval x), whereby the following Equations are obtained. 

is J A / ^ = ki(© v [k - 1] - G>,[k - 1D + T, - T tt (5) 

2 ©vt*h©il*-1] L i, JL 



20 



30 



35 



Eqs. (5) and (6) are combined together so as to eliminate the equivalent angular velocity gv of the vehicle, yielding 

2 4 2 4 ^ 

If the maximum friction torque of RcMg/4 ("g" represents a gravitational acceleration) occurs on condition that the 
slip speed is 3 rad/s, we have 

max (kj. 



When we consider a specific example in which % = 0.005 (sec.). Rc = 0.3 (m), and M = 1000 (kg), we have max (kj 
40 = 245. Accordingly, 



max (-£— £* y ) % 0.054 « 1 

45 

Equation (7) can be approximated as follows: 



50 



- 1 1 - ©,[* - 2» + U » ' © iM + 2®i[k - 1] - ©,[k - 2] (8) 



where 



55 2 4 2 4 
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As a result, Equation (8) can bedescrfced in a linear form with regard to unknown coefficients kj and t t . The friction 
torque gradient K with respect to the sip speed can be estimated by application of the on-line parameter identification 
method to Equation (8). 

More specifically, the time-series data concerning the friction torque gradient can be estimated from the time-series 
data ©j[K] of detected wheel speed through repetition of steps 1 and 2 to be given hereinbelow. 

Stepl 



{©,[*- 1]-a>,[A-2DA 



1 



y n M = - ®iM + 2©,[k - 1] - a>,[k - 2] 



(9) 
(10) 



The first element of the matrix 4£k] of Equation (9) denotes a physical quantity concerning a variation in the wheel 
speed during one sampling period, and Equation (10) shows a physical quantity concerning the per-samriing-period 
change in the degree of the per-sampling-period variation in the wheel speed. This means that Equation (8) is an equa- 
tion of motion representing motion (deceleration) of a wheel. From Equation (8), it is understood that the friction torque 
gradient is proportional to a characteristic root that represents the dynamic characteristics of the wheel deceleration. 
That is. the Identification of the braking torque gradient can be considered to be equivalent to the identification of the a 
characteristic root of the wheel motion (deceleration). 

Step 2 

e,[*] = 0,1^ -1] + LtWiyflk) - *,[*] T • e^Ac- 1]) (11) 



0; is calculated by the above recurrence formula, and the first element of the matrix of B\ is extracted as the estimated 
friction torque gradient. In Equation (1 1), X denotes a forgetting factor (e.g., X = 0.98) showing the extent to which data 
of the past is eliminated, and " T " denotes the transposition of the matrix 

The left-side side of Equation (1 1 ) shows a physical quantity which represents the time history of the physical quan- 
tity related to the variation in the wheel speed and the time history of the physical quantity related to the change with 
regard to the variation in the wheel speed. [The Principle of Estimation of Friction torque gradient in accordance with 
the First Aspect of the Invention] 

Equations (1) and (2) are expressed as follows through use of friction torque F, (= F,' • R c ) and the vehicle 
speed transformed to angular speed <d v (= v/R J . 

J©,= F,(© v -©,)- T ti (12) 



MRt& v = -^Fj(a> v -<o f ) (13) 
/-1 



Further, from Equation (12), the wheel deceleration of the l-th wheel y , (= - d©|Aft) is expressed as 

y, = -^,(©,-©,) + lr to , (14) 
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k Equations (1 2) to (14) are reduced to the foil owing Equations by substitution of the sfip speed (co» - ©j) with xj. 



(15) 



(16) 



70 



15 



Based on the assumption that the friction torque Fj of the i-th wheel is a norvJinear function of the slip speed (see 
FIG. 5), the braking torque F(Xj) in the vicinity of a certain slip speed Xj is approximated as a linear gradient as shown 
in the following Equation. More specifically, there is employed a gradient model in which the friction torque F(xJ changes 
linearly in accordance with the friction torque (padient kj with respect to the slip speed x v 



F|(x,) = KjX, + u, 



(17) 



At this time, with regard to the i-th wheel (i = 1 , 2, 3, 4), assuming that the time-series data regarding the slip speed 
is XjQ], the time-series data regarding the braking torque is T^Ifl, and the time-series data regarding the wheel deceJer- 
20 ation is yj[Q Q = 0, 1 1 2, ...). Here, each item of the time-series data is sampled at predetermined sampling intervals x. 

An equation is obtained by substituting Equation (17) into Equations (15) and (16), and the thus-obtained equation 
is converted into discrete equation through use of the foregoing time-series data at the sampling intervals x. 



25 



(18) 



yU\ = -^k x [j] + t i) + ^T b [j] 



(19) 



30 



35 



40 



where 



K = 



ki 0 

0 * 2 

0 0 

0 0 



0 
0 

0 



0 
0 
0 

*4 



Mi 



AJV 



.*[/]■ 



*[/] 
y>[J] 



r bl VJ\ 



45 



50 



55 



A = 



MR 



• + 1 



MR, 



MR C - 



MR} 



MR; 
J 



MR] 
J 



+ 1 



MR- 



MR] 



MR] 
J 

MR] 
J 



MR 



+ 1 



MR: 



MR] 
J 

MR] 
J 

MR] 



MR] 



+ 1 



More specifically, xfj, yfj], Tbfj] respectively represent vectors comprising the slip speed, the wheel deceleration, and 
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the braking torque for each wheel. 

From Equation (19). wheel deceleration yfj + 1] obtained at the next sample time is expressed as 

yV + 1] = - JcOnj + 1] + u) + Jr 6 [/ + 1]. (20) 



Rom Equations (19) and (20), we have 

K • (x[i+l]-xffl = -J(ylj+l]-yW+T b [j + <\)-T b [j}. (21) 

Assuming 

♦ =xD + 1]-xO] (22) 
f = -J(yO + i]-yDD + T b D + i]-T b [D. (23) 

then Equation (21) can be reduced to 

K • $ = f. (24) 

Here, it is seen that $ shows a difference in slip speed between adjacent samples; namely, the physical quantity 
concerning a variation in the slip speed. 

Equations (18) and (19) are combined together to eliminate a term (KxQ + ji), whereby Equation (22) gives 

♦ «*^M + 5(/-A)7 ft [/]. (25) 

Assuming that the time-series data regarding friction torque is F[j] (a vector which includes as a component the 
time-series data F£Q regarding the friction torque of the i-th wheel), Equation (14) is converted into a cfiscrete equation 
and is reduced as follows: 

FQ] = -JyO] + T b rj]. (26) 
Equation (26) is applied to Equation (23), whereby we have 

f = FD + 1]-F|fl. (27) 

Rom Equation (27), it is seen that T denotes the difference in friction torque between the adjacent samples; 
namely, the physical quantity related to the variation in the friction torque. 

It has been proven that the state of motion of the wheel represented by Equations (12) to (14) can be approximated 
to Equations (18) and (19) through use of the gradient model represented by Equation (17), and that the thus-approxi- 
mated state of motion can be converted into the relationship represented by Equation (24). 
Mae specifically, the state of motion of the wheel can yield the relationship between the friction torque gradient with 
respect to the slip speed, the physical quantity which is related to the variation in the friction torque and is represented 
by the braking torque and the wheel deceleration (expressed by Eqs. 23, 25), and the physical quantity which is related 
to the variation in the slip speed and is represented by the braking torque and the wheel deceleration (expressed by Eq. 
25), all of which are parameters to be identified. 

As a result, the parameters to be identified can be grouped into ona As compared with the conventional technique 
that employs three parameters to be identified, the present invention contributes to considerable improvements in the 
accuracy of computation, and the calculation time can be also reduced. 

With regard to the rth wheel. Equation (24) gives 

Kj • 4>|=f,. (28) 
In this case, Y and "4>" of Equation (24) are defined as 
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f = Pl.f 2 .f 3 .f4] T 



5 

tn the present invention, f j and ft are calculated by Equations (23) and (25) in accordance with the time-series data 
yJO regarding the deceleration of the i-th wheel and the time-series data TtJfl regarding the braking torque of the nth 
wheel. Data are then obtained by substituting the thus-obtained fj and ^ into Equation (28), and the friction torque gra- 
dient kj regarding the i-th wheel can be estimated and calculated by application of the on-line system identification 
w method to the thus-obtained data. 

[The Principle of Anti-lock Brake Control of the Invention] 

The abcve-descrked first anti-lock brake control is effected in such a way that the thus-estimated friction torque 
is gradient with respect to the slip speed foOows a certain reference value (which is zero if the wheel completely follows 
the peak friction coefficient u). Although a control system which controls the friction torque gracfient through feedback 
may be designed for each wheel in accordance with PID control, it may also be systematically designed in the form of 
a system for integration of four wheels by adoption of a modern control theory. In this case, the control system is 
designed in consideration of the interference between the four wheels, which enables more elaborate control. 
20 The ABS controller has nonlinear characteristics strongly affected by the characteristics of the tire. Therefore, the 
modem control theory cannot be simply applied to this system. In the present invention, the nonlinear characteristics 
can be apparently deemed as equivalent plant variations. A control system which allows these plant variations is elab- 
orately designed in consideration of the interference between the four wheels by adoption of a robust control theory, 
which is one of the modem control theories. The design of the control system win be described in detaO hereinbetow 
25 In a case where braking torque T^' corresponding to the steppingon force obtained when a brake pedal is 
depressed immediately before wheel locking occurs, and where the braking torque (i.a, the operation amount) u^ acts 
on the wheel so as to follow the peak friction coefficient n without locking the wheel, the motion of each wheel and the 
motion of the vehicle body can be expressed as follows from Equations (12) and (13). 

30 

J <*> i - Fi(O) v - CO t ) - Tbi' * # bi (29) 



35 

4 

M R 2 c & v = - 1 £Fj(G> v -G> i ) 

y=i 

40 

kj = Gj(<Dy- ©,) 



(30) 
(31) 



Equation (31) is an output equation which shows the friction torque gradient kj of each wheel is a function of the slip 
45 speed. 

As shown in FIG. 6 A, Fj represents a nonlinear function of the slip speed and reaches its peak at ©o- In contrast, 
as shewn in FIG. 6B, G; represents a nonlinear function of the slip speed and becomes zero at qdq. These nonlinear 
functions can be represented by combination of solid lines 20, 23 and associated variations within predetermined 
ranges. Provided that disturbance in the slip speed with reference to cdo is Xj, Fj and G } can be represented by 

50 

F. Mf. + WflA^x. + f.o (32) 

G, »fl|,+WtfV*i- (33) 

55 In Equations (32) and (33). f s denotes the slope of the line 20 in FIG. 6A. and $ denotes the slope of the One 23 in 
FIG. 6B. Further, W fi and Wg, are weighting coefficients employed to standardize nonlinear variations. Broken lines 21 
and 22 in FIG. 6A and broken lines 24 and 25 in FIG. 6B represent the upper and lower limits of nonlinear variations. In 
short they correspond to the limitation of extent of and to ±1 , respectively. 
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Equation (32) shows a Gnear mode) which represents nonlinear variations in the friction torque of each wheel with 
respect to the disturbance Xj in the vicinity of the equffibrium point coo in the form of variations arising in the range which 
includes the line 20 in FIG. 6A and extends from the broken line 21 to the broken line 22. Equation (33) shows a linear 
model which represents nonlinear variations in the friction torque gradient of each wheel with respect to the disturbance 
Xj in the vicinity of the equilforium point coo in the form of variations arising in the range which includes the line 23 in FIG. 
6B and extends from the broken line 24 to the broken line 25. 

Substitution of Equations (32) and (33) into Equations (29). (30) and (31) yields the following equations of state of 
the vicinity of the equilibrium point (g>q). 



x = Ax + B^C^ + BgU (34) 
y = C 2 x + D 21 AC 1 x (35) 

where 
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Further, 
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(36) 



45 



x = [x, x 2 x 3 xJ J , y = Ik t k 2 k 3 kj 7 . andu = [u 1 u 2 u 3 uj 1 



(37) 



where "x"is the disturbance in the slip speed of each wheel in the vicinity of ©0. Vis the gradient of friction torque of 
so each wheel in the vicinity of <dq, and u is the operation amount of each wheel (corresponding to Uu in Equation (29)) in 
the vicinity of oq. 

A control system which has the structure as represented by Equation (36) and allows arbitrary A (-1 s Afj, Agj s 1) 
is designed, and an anti-lock brake control system can be designed in consideration of the interference between the 
four wheels. This anti-lock brake control system can be easily designed by adoption of a u-design method, which is one 
55 of the robust control methods. 

More specifically, a control system which has the structure as represented by Equation (36) and allows arbitrary A 
(-1 5A|j, AgjS 1) is designed through use of so-called n-design method, whereby the following controller is led. 
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. x c = Ajt c + B# (38) 

u = C c x c + D c y (39) 

5 where Xc denotes the state of the controller; C & and D c denote the matrix of coefficients of the designed con- 
troller; and V denotes the friction torque gradient of the designed control system. The operation amount u of the anti- 
lock brake control is obtained by substituting a status-value of the controller into Xc in Equation (39), and substituting 
the value of the estimated friction torque gradient into in Equation (39). 

w [The Principle of the Invention] 

In reference to a model shewn in FIG. 12 in which the phenomenon of vforation of the wheel is equivalents mod- 
eled with reference to the rotary shaft of a vehicle, consideration is given of the phenomenon of vforation of a wheel 
when the vehicle having a vehicle body with weight W v travels at a velocity c^; i.e., the phenomenon of vibration of a 

is vfcration system made up of the vehicle body, the wheel, and the road surface. 

In the model shown in FIG. 12, the braking force acts on the road surface via the surface of a tire tread C coming 
into contact with the road surface. In effect this braking force acts on the vehicle body as a reaction (or friction force) 
from the road surface. Consequently, an equivalent model E calculated in terms of the rotational axe of the weight of 
the vehicle body is coupled to an opposite side to a wheel A via a frictional element D (the friction coefficient u of the 

20 road surface) provided between the tire tread C and the road surface. This is analogous to the fact that the weight of 
the vehicle body can be simulated by large inertia below the wheel; La, the mass on the side opposite to the wheel, as 
in the case of a chassis dynamometer. 

In FIG. 1 2, provided that the inertia of the wheel A including the tire and the rim is a spring constant of a spring 
dement B provided between the rim and the tread C is K, the radius of the wheel is R, the inertia of the tread C is J t , 

25 the friction coefficient of the frictional element D provided between the tread C and the road surface is u, and the inertia 
of the equivalent model E calculated in terms of the rotational axis of the weight W v of the vehicle body is Jv, then the 
characteristics of transmission from a braking torque T b * to a wheel speed caused by the wheel cylinder pressure 
are defined as below according to the equation of wheel motion. 

30 ^ VoJ^KRW^ I y^s 3 + a(J t + J V )R 2 WyS 2 + JJ<s + aKR 2 W v ) T' b 

* ~ sU^JfJ^ 3 + aJJ J t + J v ) R 2 WyS 2 +(J W + J t )JJ<s^a{J w + J t + J V )KR 2 W v ) 



35 where "s" is an operator used for Laplace transformation. 

Assuming that the tread D and the equivalent model E of the vehicle body are directly coupled together when the 
tire is in a gripping state, oscillation develops between the inertia of the wheel A and the total of the inertia of the equiv- 
alent model E of the vehicle body and the tread D. More specifically, this oscillation system can be deemed as a wheel 
resonance system comprised of the wheel, the vehicle body, and the road surface In this sense, in terms of the trans- 

40 mission characteristics represented by Equation (40), the resonance frequency cam of the wheel resonance system is 
given as 

= V{(J W + J t + J v )KfJ w {J t + J v )]/2n. (41) 

45 This state corresponds to a region A1 before the peak friction coefficient n in FIG 1 7. 

In contrast, in a case where the friction coefficient u of the tire approaches its peak value, the friction coefficient \i 
on the tire surface becomes difficult to change with respect to a sip rate, so that the component accompanying the 
vforation of the inertia of the tread C ceases to affect the equivalent model E of the vehicle body. In short, the tread C 
and the equivalent model E of the vehicle body are separated in terms of equivalency, so that the tread and the wheel 

so cause oscillation. The wheel resonance system at this time can be deemed as being made up of the wheel and the road 
surface. The resonance frequency cpo* of this wheel resonance system becomes equal to a solution obtained by sub- 
stituting zero into the equivalent inertia of the vehicle body Jy in Equation (41). Namely, 

©oo' = ^[(J w + J t )KIJ^J t )y2n. (42) 

55 

This state corresponds to the region A2 in the vicinity of the peak friction coefficient u in FIG. 1 7. 

Assuming that the equivalent inertia of the vehicle body Jv is greater than the inertia of the wheel Jw and the inertia 
of the tread Jt as a result of a comparison between Equations (41) and (42), the resonance frequency gxo expressed 
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by Equation (42) shifts toward the high-frequency-side with respect to the resonance frequency rco expressed by Equa- 
tion (41). Acconfingly, the limit of the characteristics of the friction torque can be determined in accordance with the 
physical quantity which reflects variations in the resonance frequency of the wheel resonance system. 

For these reasons, in the present invention, a micro-gain Gd to be given below is introduced as the physical quantity 
5 that reflects variations in the resonance frequency, and this micro-gain serves as the amount of determination of the 
limit. 

If micro-exciting means excites a brake pressure P b in a very small amount at the resonance frequency <d°o (Eq. 
41) of the resonance system made up of the wheel and the vehicle body, the wheel speed <a* is also excited in a very 
small amount in the vicinity of the mean wheel speed. The fimit determination means of the present invention calculates 
w the micro-gain Qd as follows: 

G d = (D,^ (43) 

Where P v is the amplitude of small variation of the braking pressure P b at the resonance frequency on, and is the 
75 amplitude of smaO variation of the wheel speed at the resonance frequency ®°o. 

The micro-^ain is deemed as the vfcration component of the ratio of the wheel speed cd* to the braking pressure 
Pbfaa/Pb) at the resonance frequency and can be also expressed as follows: 



20 



40 



45 



50 



G d = ((<D w ^ b )|S = j<D«)). (44) 



As represented by Equation (44), since the micro-gain Gd is the vforation component of the ratio (©w/Pb) *n® res ~ 
onance frequency ©qo, the micro-gain Qd suddenly decreases due to a shift of the resonance frequency <doo* when the 
wheel motion has reached the limit region A2 of the friction torque characteristic. Accordingly, a reference gain Gs is 
set in advance as a value for the limit region A2, and is compared with the micro-gain C^. Asa result, when the rricro- 
25 gain Gd becomes smaller than the reference gain Gs, it can be determined that the friction characteristic reaches the 
limit. 

An explanation will be given of the fact that the rnicro-gain Gd is a physical quantity equivalent to the friction torque 
gradient 

As illustrated in FIG. 13, it is known that a functional relationship in which the friction coefficient \i reaches its peak 
30 value at a certain slip speed is established between a slip speed Aa> and the wheel-to-road surface friction coefficient 
u. as is the case of the relationship shown in FIG. 17. The frictional characteristics shown in FIG. 13 correspond to the 
friction torque characteristic shown in FIG. 5. 

If the braking pressure is excited in a very small amount by the micro-exciting means, the wheel speed is also 
excited in a very small amount which in turn excites the slip rate in a very small amount in the vicinity of a certain slip 
35 rate. Consideration is given of a variation in the friction coefficient n with respect to the slip speed A© in the case where 
the slip rate is excited in the vicinity of a certain sip rate on the road surface having the characteristics shown in FIG. 1 3. 
At this time, the friction coefficient n of the road surface can be approximated to 



li = u 0 + aRAa>. (45) 

In short, since the variation in the slip speed due to the very smaO amount of oscillation is small, the friction coefficient 
u of the road surface can be approximated to a line with gradient <zR. 

ff Equation (45) is substituted into the friction torque T b = uWR caused by the friction coefficient \i between the 
tire and the road surface, 

T b = uWR = u 0 WR + aR 2 AoW. (46) 
where Wis the load of the wheel. When both sides of Equation (46) are subjected to differentiation once by A*o, we have 

<fT b o 



Therefore, rt is demonstrated by Equation (47) that the friction torque gradient (dTt/Ae>) is equal to aR 2 W. 
55 In contrast, since the braking torque T b ' is proportional to the brake pressure Pt> the micro-gain Qd is also propor- 
tional to the vforation component of the ratio of the wheel speed oa* to the braking torque T b (i.e., ca*/T b ) at the reso- 
nance frequency <d°o. Accordingly, the micro-gain is expressed as below by means of the transmission 
characteristics represented by Equation (40). 
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10 



25 



G 4 



J- jar* 



oc 



x- jar— 



= jA + aB (j is an imaginary unit). (48) 



75 where 

J A = J, + J v + J a ,J B = J t + J v (49) 

jM* ■ j a jW (50) 



In general, Equation (50) gives 



|>t| = 0.012 «|B| = 0.1. (51) 



Therefore, Equations (47) and (46) yield 

Mae specifically, the friction torque gratf ent T b with respect to the slip speed Acq is proportional to the micro-gain 

35 As a result, it is shewn that the micro-gain is the physical quantity equivalent to the friction torque gradient and 
it is understood that the friction torque gadient can be estimated in accordance with the micro-gain Gd- This micro-gain 
Qj is a parameter that responsivety reflects the characteristics of the vtoration which changes depending on the state 
of friction between the wheel and the road surface. Therefore, the friction torque gradient can be estimated with an 
extremely high degree of accuracy regardless of the state of road surface. 

40 To achieve the object associated with the second aspect of the present invention, the present invention provides a 
control start determination method comprising : a wheel speed sensing step for sensing the speed of a wheel at prede- 
termined sampling intervals; a torque-gradient estimating step for estimating the friction torque gradient with respect to 
a slip speed based on time-series data regarding the wheel speed sensed in the wheel speed sensing step; and a 
determination step for determining a starting point for the control to bring the wheel into a predetermined state of motion 

45 in accordance with the friction torque gradient estimated in the torque-gradient estimating step. In particular, the sip 
rate at which the friction coefficient u reaches its peak value and the magnitude of friction torque may signif barrtly differ 
according to the friction coefficient 11 of the surface of the road on which the vehicle travels. However, the property of 
constantly becoming zero is always true for the friction torque gradient regardless of the road surface. Therefore, the 
starting point for anti-lock brake control can be stably and correctly determined. 

so Preferably, the first element of the matrix of the thus-determined value 9 j is extracted as an estimated friction 
torque gradient, and this est im ated friction torque gracfient is compared with a reference value, whereby the starting 
point for anti-lock brake control is determined. 

In accordance with the third aspect of the present invention, there is provided an anti-lock brake comprising: micro- 
exerting means which excites braking forces acting on either the front two reference wheels or the rear reference two 

55 wheels in a very small amount at a predetermined frequency; c^'Ilation-chaiBcteristics sensing means which senses 
the vibration characteristics of the wheel speed of each of the two reference wheels; braking-force control means for 
controlling the braking forces acting on the two reference wheels in accordance with variations in the vibration charac- 
teristics of each of the two reference wheels in such a way that the friction coefficient between the two reference wheels 
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and the road surface substantially reaches the peak value; and wheel speed control means for controlling the wheel 
speeds of the left-side wheel and the right-side wheel of the remaining two reference wheels so as to match the respec- 
tive wheel speeds of the left-side wheel and the right-side wheel of the two reference wheels. 

In the third aspect of the invention, the micro-exciting means excites in a very small amount the braking forces act- 

s ing on either the front two reference wheels or the rear two reference wheels (i.e.. two reference wheels) at a predeter- 
mined frequency. For example, the resonance frequency of the wheel vfcration system in a case where the tire is in a 
gripping state is employed as the predetermined frequency. The oscillation-characteristics sensing means senses the 
vtoration characteristics of the wheel speed of each of the two reference wheels, rf the braking force is excited in a very 
small amount, the amplitude of the resonance frequency component of the wheel speed may be sensed as the vforation 

10 characteristics. As the friction coefficient u between the wheel and the road surface approaches the peak value, the 
vibration characteristics of the wheel vforation system changa Therefore, the state in which the friction coefficient u 
reaches the peak friction coefficient \i can be sensed by means of variations in the vibration characteristics. In accord- 
ance with the sensed variation in the vforation characteristics of each of the two reference wheels, the braking-force 
control means respectively controls braking forces acting on the two reference wheels in such a way that the friction 

is coefficient between the two reference wheels and the road surface substantially reach the peak value. As a result, the 
two reference wheels excited in a very small amount are prevented from becoming locked. 

Moreover, the wheel-speed control means controls the wheel speeds of the right-side wheel and the left-side wheel 
other than the two reference wheels so as to match the respective wheel speeds of the right-side and left-side anti-lock- 
controlled reference wheels. Since it is possible to consider that there is no substantial difference in frictional coefficient 

20 between the front and rear wheels at the left or right side and the road surface, the friction coefficient of the wheel which 
is not excited in a very small amount substantially follows the peak value, so long as the wheel speed of the non-excited 
wheel matches the wheel speed of the antHock-corrtrolled wheel. As a result all the wheels are prevented from becom- 
ing locked. 

As descrtoed above, in the present invention, either the front two wheels or the rear two wheels are excited in a very 

25 small amount and are subjected to anti-tock brake control. Further, since the wheel speeds of the remaining two wheels 
are controlled so as to match the wheel speeds of the antMock-controlled two wheels, the number of wheels to be 
excited in a very small amount is reduced to two, which in turn contrfoutes to a reduction in the number of micro-exerting 
means. Further, stable and correct brake control of all the wheels becomes feasible irrespective of the state of road sur- 
face. Further, if the anti-lock brake controller is constructed so as not to excite two drive wheel in a very small amount, 

30 the interference between the right-side and left-side drive wheel due to the transmission of very small amounts of vibra- 
tion ever the drive shaft can be prevented. 

In the present invention, the wheel speeds of the remaining two wheels are subjected to follow-up control through 
direct use of the wheel speeds of the two reference wheels. Therefore, as compared with, for example, a case where 
the wheels are subjected to follow-up control through use of a slip rate calculated from the wheel speeds, the present 

35 invention can corrtrfoute to the omission of the time and memory required for calculation, as well as prevention of the 
deterioration of control performance of the anti-lock controller due to calculation errors. 

In accordance with the third aspect of the present invention, there is further provided an anti-lock brake controller 
comprising: determination means for determining whether or not the difference in friction coefficient u between a left- 
side road surface portion and a right-side road surface portion is in excess of a reference value; micro-exerting means 

40 which excites in a very smalt amount at a predetermined frequency only the braking force acting on the wheels in con- 
tact with the road surface portion having a low friction coefficient u when the difference has been determined to be in 
excess of the reference value, and excites in a very small amount at a predetermined frequency the braking forces act- 
ing on the wheels on both sides when the difference has been determined not to be in excess of the reference value; 
vforation-characteristics sensing means for sensing the vforation characteristics of the speeds of the wheels whose 

45 braking forces are excited in a very small amount; braking-force control means for controlling the braking forces acting 
on the excited wheels so that the friction coefficient between the exerted wheels and the road surface substantially 
reaches the peak value in accordance with variations in the vforation characteristics of the excited wheels; and friction- 
force control means for controlling the friction force acting on the wheels on the high-u road surface so as to match the ' 
friction force acting on the wheels on the Igw-ji road surface when the difference is in excess of the reference value. 

so In the third aspect of the invention, the determination means determines whether or not the difference in friction 
coefficient between the left-side road surface portion and the right-side road surface portion is in excess of the refer- 
ence valua To determine the difference, the slip rate of each of the wheels on either side is calculated from the sensed 
speeds of the wheels on either side and an estimated vehicle speed. The coefficients of friction u of the left and right 
road surface portions corresponding to the slip rates of the left and right road surface portions are calculated from a 

55 predetermined relationship between the slip rate and the friction coefficient u, A difference in friction coefficient between 
the left and right road surface portions is calculated. The cfifference between the left and right road portions with regard 
to a physical quantity associated with the friction coefficient; e.g., slip rate, slip speed, or wheel deceleration, may be 
used as the tfifference of the friction coefficient 
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When the difference has been determined to be in excess of the reference value, the micro-exciting means excites 
in a very small amount at a predetermined frequency only the braking force acting on the wheel on the low-u road sur- 
face portion. In contrast, if the difference has been determined not to be in excess of the reference value, the micro- 
exerting means excites in a very small amount at a predetermined frequency the braking forces acting on the wheels on 
5 both sides. 

The vforatfon-characteristics sensing means senses the vibration characteristics of the speeds of the wheels 
whose braking forces are excited in a very smaO amount at a predetermined frequency. In accordance with variations 
in the vibration characteristics of the exerted wheels, the braking forces acting on the excited wheels are controlled in 
such a way that the friction coefficient between the exerted wheels and the road surface substantially reaches its peak 
w value. More specifically, when the difference has been determined to be in excess of the reference value, the excited 
wheels on the low-n road surface portion is subjected to anti-lock brake control. In contrast if the difference has been 
determined not to be in excess of the reference value, the wheels on both sides are exerted and subjected to anti-lock 
brake control. 

When the difference has been determined to be in excess of the reference value, the friction-force control means 
15 controls the friction force acting on the wheels on the high-^i road surface portion so as to match the friction force acting 
on the wheels on the low-u road surface portion. At this time, since the braking forces acting on the excited wheels on 
the low-u road surface portion are controlled in such a way that the friction coefficient substantially reaches the peak 
value, the wheels on the high-u road surface portion which are controlled so as to follow the braking forces acting on 
the excited wheels are inevitably prevented from becoming locked because of the high friction coefficient u. Even in the 
20 case of a spGt road which affords differing coefficients of friction from at the right and left side portions, the friction forces 
acting on the wheels to either side match each other, enabling stable traveling of the vehicle. 

In accordance with the dynamic model of the wheel, the friction force acting on the wheel from the road surface as 
a factional force can be obtained in the following manner. 

As shown in FIG. 44, braking torque T B acts on the wheel in the direction opposite the rotational direction of the 
25 wheel, and tire torque Tf originating from the friction force F acts on the wheel as a frictional force in the rotational direc- 
tion of the wheel. The braking torque T B originates from the braking force which acts on a disc brake of the wheel so as 
to hinder the rotation of the wheel. Provided that the friction coefficient between the wheel and the road surface is i^. 
the radius of the wheel is r, and the load exerted on the wheel is W, the friction force F and the tire torque T f are repre- 
sented as follows. 

30 

F = u B W (53) 
T f = Fxr=u B Wr (54) 
35 Therefore, the equation of motion of the wheel is defined as 

&j! = li B Wr-T B = Fr-T B , (55) 

40 

where I is the moment of inertia, and <d is the rotational speed of the wheel (i.e., awheel speed). 

So long as the wheel acceleration (cWdt) is detected, the friction force F can be estimated by Equation (55), and 
the braking torque T B is calculated from the braking force applied to the brake disc. 

tf the braking force changes, the slip rate of the wheel also changes, in turn resulting in a variation in the friction of 

45 coefficient mb- As a result the friction force F (= u B W) can be controlled by controlling the braking force- 
In accordance with the third aspect of the present invention, there is provided an anti-lock brake controller compris- 
ing: determination means for determining whether or not the difference in friction coefficient between a left-side road 
surface portion and a right-side road surface portion is in excess of a reference value; micro-exerting means which 
excites in a very small amount at a predetermined frequency the braking force acting on a wheel among either a pair of 

so front wheels or a pair of rear wheels, serving as reference wheels, on the road surface portion having a low friction coef- 
ficient ii when the difference has been determined to be in excess of the reference value, and excites in a very small 
amount at a predetermined frequency the braking forces acting on the pair of reference wheels when the difference has 
been determined not to be in excess of the reference value; vforaixxKftaracteristics sensing means for sensing the 
vftxation characteristics of the speed of at least one wheel, whose braking force is excited in a very small amount at a 

55 predetermined frequency, among the pair of reference wheels; braking-force control means for controlling the braking 
force acting on the excited wheel so that the friction coefficient between the excited wheel and the road surface sub- 
stantially reaches the peak value in accordance with variations in the vbration characteristics of the excited wheel; fric- 
tion-force control means for controlling the friction force acting on the wheels on the high-u road surface so as to match 
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the friction force acting on the excited wheel on the low-|i road surface when the difference is in excess of the reference 
value; and wheel speed control means for controlGng the speeds of the remaining pair of wheels other than the pair of 
reference wheels so as to match the respective speeds of the pair of reference wheels. 

In the third aspect of the invention, the determination means determines whether or not the difference in friction 

5 coefficient between the left-side road surface portion and the right-side road surface portion is in excess of the refer- 
ence value. When the difference has been determined to be in excess of the reference value, the micro-exerting means 
excites in a very small amount at a predetermined frequency only the braking force acting on the wheel of either a pair 
of front wheels or a pair of rear wheels, serving as reference wheels, on the low-u road surface portion. In contrast, if 
the difference has been determined not to be in excess of the reference value, the micro-exciting means excites in a 

10 very small amount at a predetermined frequency the braking forces acting on the pair of reference wheels. 

The vibration-characteristics sensing means senses the vforation characteristics of the speed of at least one wheel, 
whose braking force is excited in a very small amount at a predetermined frequency, among the pair of reference 
wheels. In accordance with variations in the vforation characteristics of the excited wheel, the braking-force control 
means controls the braking force acting on the excited wheel in such a way that the friction coefficient between the 

is excited wheel and the road surface substantially reaches its peak vaiua 

In contrast, when the difference has been determined to be in excess of the reference value, the friction-force con- 
trol means controls the friction force acting on the wheels on the high-n road surface portion so as to match the friction 
force acting on the excited wheel on the low-u road surface portion. Further, the wheel-speed control means controls 
the speeds of the remaining pair of wheels other than the pair of reference wheels so as to match the respective speeds 

20 of the pair of reference wheels. 

Consequently, the number of wheels to be excited in a very small amount can be reduced to the minimum required 
number, and instable traveling of the vehicle on the spfit road surface which affords differing coefficients of friction at the 
right-side and left-side portions and the interference between the right and left drive wheel can be prevented. 

In the previously-descrfoed first aspect of the present invention, it has been explained that the braking force can 

25 follow the peak friction coefficient u by causing the friction torque gradient to follow zero through feedback, and most 
efficient braking action can be effected. 

In general, if brakes are applied such that the friction coefficient substantially exceeds the peak friction coefficient 
li, the slip speed instantaneously shifts to a region A3 in FIG. 49A in which the friction torque gradient becomes nega- 
tive, and hence the tire becomes locked. Accordingly, it is understood that a region A2 (i.e., the region of slip speed in 

30 the vicinity of the slip speed Sm) is the limit of the characteristics of friction torque, and brakes must be applied so as 
not to exceed this limit 

Since the conventional technique utilizes only the feedback of the friction torque gradient it becomes difficult to 
properly control brakes on a road surface as shown in FIG. 49B in which the friction torque gradient drastically changes 
in the vtcinrty of the slip speed Sm at which the friction torque becomes maximum. 

35 More specifically, in the case of the road surface shown in FIG. 49B, the friction torque (padient becomes large even 
at a slip speed which is sfightly slower than the slip speed Sm. In contrast, the characteristics of friction torque become 
saturated in the region above the slip speed Sm. If the braking force is increased, the wheel deceleration increases 
abruptly, and therefore it becomes cfifficurt to control brakes to within the region A2. ff the worst comes, the slip speed 
may shift to the region A3, thereby resulting in the wheel locking. 

40 The foregoing problem; namely, the difficulty in controlling the friction torque so as to follow the maximum value on 
the road in which the friction torque gradient drastically changes, arises in follow-up control of the friction torque gradi- 
ent as well as in a wheel-behavior-quantity servo control system which controls the quantity of behavior of the wheel, 
such as wheel deceleration, a slip rate, or a slip speed, so as to follow target values. 

Therefore, in accordance with a fourth aspect of the present invention, the object of the present invention is to pro- 

45 vide a wheel-behavior-quantity servo controller which has been slightly descrfced in the first aspect and is capable of 
carrying out control so as to follow target values regardless of whether or not the road surface causes drastic change 
in the friction torque gradient; and a limit determination device which ensures proper control of the wheel-behavior- 
quantity servo controller by determining the limit of the characteristics of the friction torqua 

To these ends, in accordance with the fourth aspect of the invention, there is provided a wheel-behavior-quantity 

so servo controller comprising: wheel-behavior-quantity detecting means for detecting the quantity of behavior of a wheel 
which is a physical quantity associated with the motion of the wheel; limit determination means which calculates, as a 
quantity of limit determination, a friction torque gradient indicating the gradient of brake torque with respect to a slip 
speed or a physical quantity associated with the friction torque gradient via the wheel motion, and which determines the 
limit of the characteristics of the friction torque between the wheel and the road surface in accordance with the quantity 

55 of limit determination; target-behavior-quantity calculation means which calculates a target value of the quantity of 
wheel behavior used for controlling the quantity of limit determination to within the limit of friction torque characteristics 
in accordance with the result of limit determination of the limit determination means; and servo control means which 
controls the motion of the wheel so as to cause the quantity of wheel behavior detected by the wheel-behavior-quantity 
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detecting means to foOow the target value of the quantity of wheel behavior calculated by the target-behavior-quantity 
calculation means. 

The quantity of wheel behavior represents, ag., the wheel deceleration, the slip speed, or the slip rata The present 
invention is intended toward the control in which the quantity of wheel behavior follows the target value. In accordance 

5 with the physical quantity associated with the motion of the wheel, the limit determination means calculates, as a quan- 
tity of limit determination, the friction torque gradient with respect to a slip speed or a physical quantity associated with 
the friction torque gradient via the wheel motion. The physical quantity which is associated with the friction torque gra- 
dient (see FIGs. 49A and 49B) via the motion of the wheel includes a physical quantity equivalent to the friction torque 
gradient, and various physical quantities which are related to the friction torque gradient by Equations of motion of the 

10 wheel. 

In accordance with the calculated quantity of limit determination, the limit determination means determines the limit 
of the characteristics of the friction torque. In short the limit determination means determines whether or not the current 
state of motion has reached the limit of the characteristics of friction torque. As shown in FIGs. 49A and 49B, the char- 
acteristics of friction torque represent the characteristics of the change in the friction torque occurred between the 

is wheel and the road surface in accordance with the sfip speed. The limit of the characteristics of friction torque represent 
the limit of the current characteristics before they shift to other characteristics. For example, the limit of the characteris- 
tics of friction torque is the limit (i.e., the region where the friction torque substantially reaches the peak value) beyond 
which the wheel becomes locked. Therefore, a saturation region in which the characteristics of friction torque become 
saturated to thereby cause instable control is also included within the limit. 

20 In this region of the limit, the friction torque gradient changes before and after the limit Therefore, in accordance 
with the friction torque gradient a the quantity of limit determination related to the friction torque gradient, the limit can 
be determined with a considerably high degree of accuracy on any road surface shown in FIGs. 49A and 49B. 

Next, in accordance with the result of Omit determination of the limit determination means, the target-behavior- 
quantity calculation means calculates a target value of the quantity of wheel behavior used for controlling the quantity 

25 of limit determination to within the Omit of friction torque characteristics. 

In accordance with the fourth aspect of the present invention, the calculation of the target4>ehavior<iuantrry calcu- 
lation means may be performed in the following manner. If it is determined that the characteristics of friction torque have 
not reached the limit an ordinary target value of the quantity of vehicle behavior is calculated in accordance with the 
pressure in the master cylinder. Artemativery, a target value which causes the quantity of limit determination (i.e., the 

30 friction torque gracfient) to agree with the reference value (i.e.. zero if the friction torque follows the maximum value) is 
calculated for control safety. 

In contrast, if the characteristics of the friction torque are determined to exceed the limit, calculation is performed 

to change the ordinary target value because of the need for returning the characteristics to within the Omit immediately. 

For example, a target value is calculated by subtracting the difference between the quantity of limit determination and 
35 the reference value from the ordinary target value. Artemativery. a target value of the quantity of wheel behavior may be 

calculated in order to cause the quantity of limit determination to agree with the reference value in the vicinity of the limit 

(zero rf the friction torque follows the maximum value). 

The servo control means controls the motion of the wheel so as to cause the quantity of wheel behavior detected 

by the wheeRjehavior-quantity detecting means to follow the target value of the quantity of wheel behavior calculated 
40 by the tai^-behavior-quantity calculation means. For example, the braking force acting on the wheel is controlled by 

controlling the time tor increasing or reducing the pressure in the wheel cylinder, whereby the quantity of wheel behavior 

is controlled so as to foDow the target valua 

As described above, in comparison with the conventional technique that uses only the feedback of the friction 

torque gradient the limit of the characteristics of friction torque is correctly determined from the quantity of Omit deter- 
45 mination associated with the friction torque cjadient regardless of the state of the road surfeca rf the characteristics are 

determined to exceed the limit calculation is performed to change the target value of the quantity of wheel behavior so 

as to prevent the quantity of limit determination from exceeding the limit Therefore, stable control can be accompOshed 

on a road surface in which the characteristics of friction torc^ie significantly deviate from the limit region, enabling pre-' 

vention of wheel locking. 

so Further, in accordance with the fourth aspect of the present invention, the wheel-behavior-quarTtity servo controller 
further comprises braking torque sensing means for sensing a braking torque, and the wheel-behavior-quantity detect- 
ing means calculates a wheel deceleration as the quantity of behavior of a wheel. In accordance with the detected brak- 
ing torque or wheel deceleration, the Omit determination means calculates, as a quantity of Omit determination, either 
wheel deceleration or braking torque which wfll be obtained on the assumption that the sip speed is constant in the 

55 state of equiltorium of motion of the wheel. In accordance with the comparison between the quantity of limit determina- 
tion and the actually detected wheel deceleration, or the comparison between the quantity of limit determination and 
the actually detected braking torque, the Omit determination means determines the limit of the characteristics of friction 
torque between the wheel and the road surfeca 
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With regard to the principle of determination of the Gmrt determination means, although the means for estimating 
the friction torque gradient which is the quantity of determination has already been descrbed in accordance with the 
first aspect of the invention, the principal portions related to the limit determination wOt be described in more detail. In 
the state of equiffiwium in which the wheel deceleration of the i-th wheel actually obtained by Eq. (16) approaches wheel 
deceleration which wfll be a target (i.e., target deceleration), the slip speed of the i-th wheel is thought to become sub- 
stantially constant Therefore, the deceleration can be approximated as 



x, = 0. 



(56) 



io Equation (56) is reduced by substitution of Equations (1 5) and (16), yielding the following Formulas in which I is the unit 
matrix. 
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Xjo : slip speed in the state of equilibrium of the i-th wheel; 
40 FiOta): friction torque in the state of equilibrium of the i-th wheel; 

Tbjo'. friction torque in the state of equilforium of the i-th wheel; and 
yjo: wheel deceleration in the state of equilibrium of the i-th wheel. 

FIG. 50 shows the relationship between the wheel deceleration and the friction torque in the wheel-deceleration servo 
45 control. The limit points in FIGs. 49A and 49B at which the friction torque becomes maximum are represented as satu- 
ration points in FIG. 50. As shown in FIG. 50, there is a margin for the characteristics of the friction torque in the region 
of wheel deceleration less than the wheel deceleration at the saturation point The wheel deceleration immediately 
approaches the target deceleration, thereby resulting in the state of equilibrium in which the slip speed is constant. 
Accordingly, it is understood that there is a relationship expressed by Equation (58) in which the stationary value of the 
so wheel deceleration in this region increases at a constant rate (line L) with respect to the braking torque. 

In the region of wheel deceleration in excess of the saturation point, the characteristics of friction torque become 
saturated, and hence Equation (58) does not hold. In comparison with the fine U the rate of increase is reduced (line 
U). If the braking torque is slightly increased in this region, the wheel deceleration drastically increases, thereby result- 
ing in ins table control of the wheel deceleration, ft is understood that there is the great risk of wheel locking. 
55 The limit determination means of the present invention calculates, as the quantity of limit determination, wheel 
deceleration y 0 by substitution of actually detected braking torque T^ into Equation (58) which is obtained on the 
assumption that the slip rate is constant in the state of equflbrium of wheel motion. The limit determination means then 
determines whether or not the characteristics of friction torque reaches the Emit (i.e. , the saturation point) in accordance 
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with the wheel deceleration y 0 . 

For example, it is determined whether or not the actually-detected wheel deceleration y is greater than the station- 
ary value y 0 of the wheel deceleration by comparing the stationary value y 0 of the wheel deceleration with the wheel 
deceleration y. If the wheel deceleration y is greater than the stationary value y 0 , Eq. (58) does not hold, and hence it 

5 is determined that the characteristics of friction torque exceeds the saturation point In contrast, if the wheel decelera- 
tion y is smaller than the stationary value y 0 , Eq. (58) holds, and hence it is determined that the characteristics of friction 
torque does not exceed the saturation point 

As described above, according to the present invention, it is possible to correctly determine whether or not the char- 
acteristics of friction torque exceed the limit (i.e., the saturation point) in accordance with the quantity of limit determi- 

w nation. 

The method of determining whether or not Eq. (58) holds through use of the wheel deceleration can contribute to 
improvements in the response of the servo control system which causes the wheel deceleration to follow a target value. 
As in the case of Eq. (58), the stationary value of the braking torque can be calculated, as the quantity of limit deter- 
mination, by substitution of actually-detected wheel deceleration y 0 into Equation (59) which is obtained on the assump- 

is tion that the slip speed is constant in the state of equilibrium. In this case, the stationary value T M of the braking torque 
is compared with the actually-detected braking torque and it is determined whether or not me characteristics of brak- 
ing torque exceed the saturation point in accordance with the result of such determination as to whether or not the brak- 
ing torque T b is {peater than the stationary value T M of the braking torque. 

The principle of computation of the target-behavior-quarrtrty computation means according to the present invention 

20 will be described. 

rf the limit determination means determines that at least one of the four wheels exceeds the limit (the saturation 
point), the wheel deceleration and braking torque detected at the point in time when the determination is made are 
expressed as follows with mJn as the transposition of the matrix, 

25 T 

v sal = 1*6311 v safl2 v sai3 v sat4J 

T bsai = n*bsaj1 T bsai2 T bsat3 T bsat4l 

30 

The friction torque ( F ^ = [F^ F^ F^ F BgiA i T ) at this time is represented by 

F sat=-J * ysat+ T bsaf (60) 

35 In order to maintain the state of equilibrium in which the slip speed is constant, the target-behavior-quantrty com- 
putation means calculates a target quantity of behavior (i.e., target deceleration in the present invention) from the brak- 
ing torque F^. 

In order to maintain the state of equilibrium in which the slip speed is constant by the friction torque F^, the friction 
torque must satisfy the following Formula from Equation (57). 

40 

The target speed used for accomplishing the braking torque Tb^ is calculated as follows by substitution of the braking 
torque in Eq. (1 1) into the braking torque T 0 in Eq. (58). 

45 

yoo f *=l{A-VF 6a t (62) 



so The servo control means controls the motion of the wheel so as to cause the detected wheel deceleration to follow 
the target deceleration y^ calculated by the target-behavior- quantity calculation means throu^i use of Eq. (62). As 
a result of this target-value follow-up control, the friction torque F^ is maintained. 

The friction torque F^, is friction torque obtained immediately after the characteristics of the friction torque have 
been determined to exceed the saturation point As shown in FIGs. 49A and 498, since the friction torque grarfent sub- 
55 stantiaily matches zero in the region A2 of the fimrt which includes the peak point of the friction torque, the friction torque 
F 8at can be substantially deemed as a peak value. Consequently, the friction torque can be controlled so as to follow 
the peak friction coefficient \i in accordance with the present invention, ensuring prevention of wheel locking. 

In the case where the limit determination means calculates the friction torque gradient which is the quantity of limit 
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determination from the time-series data concerning the friction torque and the time-series data concerning the wheel 
deceleration, and the Omit of the characteristics of the friction torque is determined in accordance with the quantity of 
limit determination, the principle of computation of the friction torque gradent win be described. 

Assuming that the friction torque of each wheel is a non-linear function of slip speed, friction torque F(Xj) in the 
vicinity of a certain slip speed jq is Eneariy approximated by the following Formula. 



F(x ( ) = k i x j + n l 



(63) 



where time-series data concerning the slip speed is xjj], time-series data concerning braking torque is TJj], and time- 
series data concerning the wheel deceleration yfj]G = 0, 1,2, ...). The respective time-series data are sampled at given 
sampling intervals x. 

Equations (15) and (16) are subjected to discrete operations at sampling intervals x, and the they are represented 
in the form of the time-series data. 



y\i\ = -J(K*[/l + n) + j7" 6 l/] 
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Equations (18) and (19) are reduced to 



where 



K • $ = f 



(24) 



f = -J(yD + U-yffl) + T b D + i]-T b G] 



(23) 



♦ -x • A . yin + ^Ll-A)T b [jl 



(25) 



where T represents a physical quantity associated with variations with time in the friction torque, and + represents a 
physical quantity associated with variations with time in the slip speed. 
Equation (24) can be represented for each wheel as 



(28) 



where t - B f 2 . ! 3 . fj 1 . ♦ - [*,. * 2 . ^ ^J 7 . 

In the present invention, fj and <fc are calculated from the time-series data yJH regarding the deceleration of the i-th 
wheel and the time-series data TbJfl regarding the braking torque of the i-th wheel. Data are then obtained by substitut- 
ing the thus-obtained fj and <fr into Equation (28), and the friction torque gradient kj regarcfing the i^th wheel can be esti- 
mated and calculated by application of the on-line system identification method to the thus-obtained data. 

For example, in accordance with the thus-estimated and calculated friction torque grarJent, the Bmtt determination 
means determines the Emit of the characteristics of the friction torque as follows. Specifically, if the friction torque gra- 
dient is smaller than a certain reference value, the characteristics of the friction torque are determined to reach the limit. 
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In contrast if the friction torque gradient exceeds the reference value, the characteristics of the friction torque are deter- 
mined not to reach the Brrot Since the friction torque c^ao5ent becomes smaD in thevicinrry of the Dmrtof the character- 
istics of the friction torque, the limit determination method of the present invention makes it possible to correctly 
determined the limit 

5 In the case where the limit determination means calculates the friction torque gradient which is the quantity of limit 
determination from the time-series data concerning the wheel speed, and the limit of the characteristics of the friction 
torque is determined in accordance with the quantity of Emit determination, the principle of computation of the friction 
torque gradient is the same as the principle of estimation of the friction torque gradient in the first aspect, and therefore 
its explanation will be omitted. 

10 In accordance with the fourth aspect of the present invention, the limit determination means is comprised of micro- 
exciting means for exciting the brake pressure in a very small amount at a resonance frequency of a vibration system 
made up of a vehicle body, wheels, and road surface. The limit determination means calculates, as the quantity of limit 
determination, a micro-gain which is a ratio between a very small amplitude of brake pressure obtained when the brake 
pressure is excited in a very smaD amount by the micro-exciting means and a very small amplitude of the resonance 

15 frequency component of the wheel speed. In accordance with the quantity of limit determination, the limit determination 
means determines the limit of the characteristics of the friction torqua The computation of the micro-gain has already 
descrbed, and hence its explanation will be omitted. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 

FIG. 1 is a block diagram showing the configuration of an anti-lock brake controller and a friction torque gradient 
estimating device of a first embodiment in accordance with a first aspect of the invention; 
FIG. 2 is a block diagram showing the configuration of an anti-lock brake controller and a friction torque gradient 
estimating device of a second embodiment in accordance with the first aspect of the invention; 
25 FIG. 3 is a block diagram showing the configuration of a limit-determination device of the second embodiment in 
accordance with the first aspect of the invention; 

FIG. 4 is a block diagram showing the configuration of a friction torque gradient estimating device of a third embod- 
iment in accordance with the f Erst aspect of the invention; 

FIG. 5 is a graph showing the relationship between a slip speed, friction torque, and the friction torque gradient; 
30 FIGs. 6A and 6B are graphs showing variations in friction torque Fj and the friction torque gradient Gj as a function 
of the sip speed, wherein FIG. 6A shows the upper and lower limits of variations in the friction torque F h and FIG. 
6B shows the upper and lower limits of variations in the friction torque gradient G^; 

FIGs. 7A and 7B are schematic representations for explaining the structure of wheel-speed sensing means in 
accordance with the first aspect of the invention, wherein FIG 7A is a schematic representation of the wheel-speed 
35 sensing means, and FIG. 7Bisa diagram showing variations with time in an AC voltage developed in a pick-up coil; 
FIG. 8 is a block diagram showing the configuration of an ABS control valve of the embodiments in accordance with 
the f irst aspect of the invention; 

FIG. 9 is a block cfiagram showing the configuration of system hydraulic circuitry including the ABS control valve of 
the ernbodiments in accordance with the first aspect of the invention; 
40 FIG. 10 is a flowchart showing the flow of ABS control in the first embodiment in accordance with the first aspect of 
the invention; 

FIG. 11 is a diag/ammatic representation showing the dynamic model of a vehicle which employs the ABS control- 
ler in accordance with the first aspect of the invention; 

FIG. 12 is a diagram showing an equivalent model of a vbration system consisting of the wheel, the vehicle body 

45 and the road surface; 

FIG. 1 3 is a graph showing the characteristics of variations in the friction coefficient n with respect to the sip speed, 
in which the equivalence between micro-gains and the friction torque gradient is explained by the fact that varia- 
tions in the friction coefficient u in the vicinity of the center of minute vbration can be linearly approximated; 
FIG. 14 is a block diagram showing the configuration of a wheel-speed micro-amplitude sensing section of a micro- 

so gain computation section of the third embodiment in accordance with the first aspect of the invention; 

FIG. 15 is a timing chart for issuing an instruction to a control solenoid valve when very minute excitation of friction 
pressure and control of a mean braking force are carried out simultaneously; 

FIG. 16 is a plot showing the outline of a vehicle-speed estimation method used in a conventional anti-lock brake 
controller; 

55 FIG. 17 is a graph showing the relationship of characteristics between the sfip rate and the friction coefficient \i 
between the tire and the road surface; 

FIG. 18 is a block diagram of an ABS controller which employs a conventional vehicle-speed estimating section; 
FIG. 19 is a block diagram showing the configuration of a control start determination device of a first embodiment 
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in accordance with a second aspect of the present invention; 

FIG. 20 a schematic representation of a vehicle equipped with the control start determination device of the first 
embodiment in accordance with the second aspect of the present invention, wherein the result of determination of 
the control starting point is applied to anti-lock brake control or traction control; 
5 FIG. 21 is a schematic representation showing the details of the construction of hydraulic brake circuitry used in the 
first embodiment in accordance with the second aspect of the present invention; 

FIG. 22 is a graph showing variations in friction torque with respect to the slip rate and in the friction torque gradient; 
FIG. 23 is a flowchart showing first ABS control in a case where the commencement of ABS control is determined 
through use of the control start determination device of the first embodiment in accordance with the second aspect 
10 of the invention; 

FIG. 24 is a flowchart showing second ABS control in a case where the conirnencement of ABS control is deter- 
mined through use of the control start determination device of the first embodiment in accordance with the second 
aspect of the invention; 

FIG. 25 is a flowchart showing TRC control in a case where the a>rrtmerrement of TRC control is determined 
is through use of the control start determination device of the first embodiment in accordance with the second aspect 
of the invention; 

FIG. 26 is a block diagram of the vehicle in a case where the starting point for control determined by the control 
start termination device of a second embodiment in accordance with the second aspect of the invention is 
applied to an ABS employing very-minute excitation of a braking force; 
20 FIG. 27 is a flowchart showing the ABS control in a case where the corrvrtertcement of minute excitation of a brak- 
ing force is determined by the control start determination device of the second embodiment in accordance with the 
second aspect of the invention; 

FIG. 28 is a graph showing the relationship between the resonance frequency and the gain of the wheel speed in 
a case where the braking force is excited in a very small amount in the vehicle of the second embodiment in accord- 
25 ance with the second aspect of the invention; 

FIG. 29 is a schematic representation showing the configuration of a braking4cfc^redu<^on-instructjon computa- 
tion section of the vehicle according to the second embodiment in accordance with the second aspect of the inven- 
tion; 

FIGs. 30A and 30 B are graphs showing variations in the braking force with time, wherein FIG. 30A shows variations 
30 with time in the braking force excited in a very small amount by the ABS of the second embodiment in accordance 
with the second aspect of the invention, and FIG. 30B shows variations with time in the braking force excited in a 
very small amount by a conventional ABS; 

FIGs. 31A to 31C are graphs showing variations with time in physical quantities associated with the wheel when 
the wheel is gently braked to such an extent that it does not become locked, wherein FIG. 31 A shows variations 
35 with time in the wheel speed and the vehicle speed, FIG. 31 B shows variations with time in the slip rate, and FIG. 
31C shows variations with time in the friction torque gradient; 

FIGs. 32A to 32C are graphs showing variations with time in physical quantities associated with the wheel when 
the wheel is harshly braked to such an extent that it does not become locked, wherein FIG. 32A shows variations 
with time in the wheel speed and the vehicle speed, FIG. 32B shows variations with time in the sip rate, and FIG. 

40 32C shows variations with time in the friction torque gradient; 

FIGs. 33A to 33C are graphs showing variations with time in physical quantities associated with the wheel when 
the wheel is harshly braked to such an extent that it becomes locked, wherein FIG 33A shows variations with time 
in the wheel speed and the vehicle speed, FIG. 33B shows variations with time in the slip rate, and FIG. 33C shows 
variations with time in the friction torque gradient, 

45 FIGs. 34A to 34C are graphs showing variations with time in physical quantities associated with the wheel when 
the wheel is braked progressively to such an extent that it becomes locked, wherein FIG. 34A shows variations with 
time in the wheel speed and the vehicle speed, FIG. 34B shows variations with time in the slip rate, and FIG. 34C 
shows variations with time in the friction torque gradient; 

FIGs. 35A and 35B are graphs showing the behavior of the front wheels when braking torque Tb = 400 Nm is 
so applied stepwise to the wheels on a low-n road surface, wherein FIG. 35A shows variations with time in the wheel 
speed and the vehicle speed, and FIG. 35B shows variations with time in the friction torque gradient and the wheel 
deceleration; 

FIGs. 36A and 36B are graphs showing the behavior of the rear wheels when braking torque Tb = 200 Nm is 
applied stepwise to the wheels on a low-u road surface, wherein FIG. 36A shows variations with time in the wheel 
55 speed and the vehicle speed, and FIG. 37B shows variations with time in the friction torque gradient and the wheel 
deceleration; 

FIGs. 37A and 37B are graphs showing the behavior of the front wheels when braking torque Tb = 700 Nm is 
applied stepwise to the wheels on a mecfium-u road surface, wherein FIG. 37A shows variations with time in the 
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wheel speed and the vehicle speed, and FIG. 37B shows variations with time in the friction torque gradient and the 
wheel deceleration; 

FIG. 38 is a schematic representation of the vehicle equipped with an ABS of an embocfiment in accordance with 
a third aspect of the invention; 

5 FIG. 39 is a block diagram showing the detailed configuration of ABS control means according to the embodiment 
of the third aspect of the invention; 

FIG. 40 is a block diagram showing the configuration of braking-force servo means accord ng to the embodiment 
of the third aspect of the invention; 

FIG. 41 is a block diagram showing the configuration of wheel-speed servo means according to the embodiment of 
10 the third aspect of the invention; 

FIG. 42 is a flowchart showing the flow of the principal processing of the ABS of the embocfiment of the third aspect 
of the invention; 

FIG. 43 is a schematic representation of the vehicle which travels on a split road under control of the ABS of the 
embodiment of the third aspect of the invention; 
is FIG. 44 is a schematic representation showing the dynamic model of the wheel; 

FIG. 45 is a block diagram showing the configuration of a wheel deceleration servo controller of a first embocfiment 
in accordance with a fourth aspect of the present invention; 

FIG. 46 is a block diagram showing the configuration of a wheel-behavior-quantity servo controller of a second 
embodiment in accordance with the fourth aspect of the invention; 
20 FIG. 47 is a block diagram showing the configuration of a whed -behavior-quantity servo controller of a third embod- 
iment in accordance with the fourth aspect of the invention; 

FIG. 48 is a block diagram showing the configuration of a wheel-behavior-quantity servo controller of a fourth 
embodiment in accordance with the fourth aspect of the invention; 

FIGs. 49A and 49B are graphs showing the characteristics of variations in the friction torque with respect to the sip 
25 speed (i.e. friction torque characteristic), wherein FIG. 49A shows the friction torque characteristics of the road 
surface in which the friction torque gradient gentry changes in the vicinity of the peak friction coefficient u, and FIG. 
49B shows the friction torque characteristics of the road surface in which the friction torque gradient sharply 
changes in the vicinity of the peak friction coefficient ji; 

FIG. 50 is a graph showing the relationship between the wheel deceleration and the braking torque in a case where 
30 wheel deceleration servo control is implemented; 

FIGs. 51 A to 51 C are graphs showing the results of the simulation of the wheel deceleration servo controller of the 
first embodiment in accordance with the fourth aspect of the invention in which harsh braking on a low-u road is 
simulated; 

FIGs. 52A to 52C are graphs showing the results of the simulation of the wheel deceleration servo controller of the 
35 first embodiment in accordance with the fourth aspect of the invention in which harsh braking on a high-u road is ' 
simulated; 

FIGs. 53A to 53C are graphs showing the results of the simulation of the wheel deceleration servo controller of the 
second embodiment in accordance with the fourth aspect of the invention in which harsh braking on a low-u road 
is simulated; and 

40 FIGs. 54A to 54C are graphs showing the results of the simulation of the wheel deceleration servo controller of the 
second embodiment in accordance with the fourth aspect of the invention in which harsh braking on a high-u road 
is simulated. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS FIRST ASPECT OF THE INVENTION: 

45 

With reference to the accompanying drawings, preferred embodiments of an ABS controller according to the first 
aspect of the present invention win be described in detail. 

[FIRST EMBODIMENT OF THE FIRST ASPECT] 

50 

FIG. 1 shows the configuration of an ABS controller according to a first embodiment of the first aspect of the 
present invention. 

As shown in FIG. 1, an ABS controller of the first embodiment is comprised of wheel-speed sensing means 10 for 
sensing a wheel speed at predetermined sampling intervals x; torque-gratient estimating means 12 for estimating the 
55 friction torque gracfient from time-series data concerning the wheel speed sensed by the wheel-speed sensing means 
10; ABS control means 14 for calculating an AB&controJ operation signal for each wheel in accordance with the friction 
torque gradient estimated by the torque-gracfiertt estimating means 12; and an ABS control valve 1 6 which effects ABS 
control by actuating the brake pressure for each wheel in accordance with the operation signal calculated by the ABS 
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control means 14. Off these constituent elements, the wheel-speed sensing means 10 and the torque-gracfi ent estimat- 
ing means 12 constitute a friction torque cpadient estimating device 8 which outputs a value regarding the estimated 
friction torque gradient 

For example, the wheel-speed sensing means 10 in FIG. 1 can be implemented in the configuration shown in FIG. 
5 7 A. As shown in FIG. 7 A, the wheel-speed sensing means 10 is comprised of a signal rotor 30 which has a predeter- 
mined number of teeth provided thereon at uniform pitches and is attached so as to rotate together with a wheel; a pick- 
up coil 32 fitted to the vehicle body; a permanent magnet 34 arranged in such a way that a magnetic flux passes through 
the inside of the pick-up coil 32; and a frequency detector 36 which is connected to the pick-up coil 32 and detects and 
outputs the frequency of an AC voltage developed in the pick-up coQ 32 at the sampling intervals t 
io When the signal rotor 30 rotates with the wheel, the air gap between the signal rotor 30 and the pick-up coil 32 
changes with periodicity corresponding to the rotational speed of the signal rotor 32. As a result the magnetic flux of 
the permanent magnet 34 passing through the pick-up coil 32 is also changed, thereby developing an AC voltage in the 
pick-up coil 32. FIG. 7B shows variations with time in the AC voltage developed in the pick-up coil 32. 

As shown in FIG. 7B, the AC voltage developed in the pick-up coil 32 has a lower frequency when the signal rotor 
is 30 rotates at a low speed but has a higher frequency when the signal rotor 30 rotates at a high speed. The frequency 
of the AC voltage is proportional to the rotational speed of the signal rotor 30; namely, the wheel speed. Consequently, 
a signal output from the frequency detector 36 is proportional to the wheel speed at the sampling intervals x. 

The wheel-speed sensing means 10 in FIG. 7A is attached to each of the first to fourth wheels. For each wheel, 
time-series data <Dj[k] (k is a sampling point in time; k = 1, 2, ....) concerning the wheel speed of the i-th wheel (V »s a 
20 wheel number, and i = 1 , 2, 3, 4) is detected through use of the signal output from the frequency detector 36. 
The configuration of the ABS control valve 16 is described with reference to FIG. 8. 

As shown in FIG. 8, the ABS control valve 16 is comprised of a control solenoid valve 132 for use with the front- 
right wheel (hereinafter referred to as a valve SFR), a control solenoid valve 1 34 lor use with the front-left wheel (here- 
inafter referred to as a valve SFL), a control solenoid valve 1 40 for use with the rear-right wheel (hereinafter referred to 
25 as a valve SRR), and a control solenoid valve 142 for use with the rear-left wheel (hereinafter referred to as a valve 
SRL). 

The valves SFR 132, SFL 134, SRR 140. SRL 142 are provided with pressure-increase valves 132a, 134a, 140a, 
142a and pressure-reduction valves 132b, 134b, 140b, 142b, respectively. The valves SFR, SFL, SRR, SRL are con- 
nected to front-wheel cylinders 144 and 146 and rear-wheel cylinders 148 and 150, respectively. 
30 The pressure-increase valves 132a, 134a, 140a, 142a and the pressure-reduction valves 132b, 134b, 140b, 142b 
are respectively connected to a SFR controller 131, a SFL controller 133, a SRR controller 139. a SRL controller 141 
which control the opening and closing actions of the valves. 

The SFR controller 131, the SFL controller 133, the SRR controller 139, or the SRL controller 141 controls the 
opening and closing actions of the pressure-increase valve and the pressure-reduction valve of corresponding control 
35 solenoid valve in accordance with an operation signal received from the ABS control means 14 for each wheel. 

The configuration of system hydraulic circuitry including the ABS control valve 1 6 will be descrfoed in detail with ref- 
erence to FIG. 9. 

As shown in FIG. 9, the system hydraulic circuitry is provided with a reservoir 1 00 for storing brake fluid used for a 
master cylinder system and a power-supply system. This reservoir 100 has a level-warning switch 102 for sensing a 

40 reduction in the level of brake fluid stored in the reservoir 1 00, and a relief valve 104 which lets the brake fluid escape 
to the reservoir 1 00 in the event of abnormally high pressure builds up in the power supply system. 

A line connected to the relief valve 104 of the reservoir 100 is provided with a pump 106 for pumping the brake fluid 
from the reservoir 1 00 and cfischarging it at high pressure. Further, an accumulator 1 08 which stores oil pressure (used 
for the power supply system) generated by the pump 106 and a pressure sensor 110 for sensing the oil pressure in the 

45 accumulator 1 08 are provided in the line in the vicinity of an outlet port side of the pump 1 06. The pressure sensor 110 
outputs a control signal to the pump 1 06 in accordance with the pressure in the accumulator 1 08 and outputs a warning 
signal (ag., a signal for inhbrting ABS and TRC control) when the pressure in the accumulator 108 decreases. 

A pressure switch 1 1 2 is provided in the line connected to a high-pressure-side output port of the accumulator 1 08. 
This switch 112 outputs a control signal to the pump 106 and a warning signal (ag.. the signal for inhibiting ABS and 

so TRC control) when there is a reduction in the pressure of the accumulator 1 08. 

Another line extended from the reservoir 100 is connected to a master cylinder 114 which produces oil pressure 
corresponding to a stepping-on force applied to a brake pedal 1 18. A brake booster 1 16 is interposed between the mas- 
ter cylinder 114 and the brake pedal 118 and produces a hydraulic assisting force corresponding to the stepping-on 
force by introducing the high-pressure brake fluid from the accumulator 1 08. 

55 A line drectiy connected to the reservoir 100 and the line connected to the high-pressure outlet port of the accu- 
mulator 108 are connected to this brake booster 116. If the amount of movement of the brake pedal 118 is smaller than 
a given amount, fluid having a normal pressure is introduced into the brake booster 116 from the reservoir 1 00. In con- 
trast, if the amount of movement exceeds the given amount fluid having a high pressure is introduced from the accu- 
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mutator 108. 

A front master-pressure line 164 and a rear master-pressure line 166 are connected to the master cylinder 114 in 
order to deliver the oil pressure in the master cylinder (i &. the master pressure) to each of the front and rear wheels. 
A P&B valve 120 is interposed between the front master-pressure line 164 and the rear master-pressure line 166 in 

5 order to regulate the pressure of the brake fluid to be delivered to the rear-wheel system so as to effect appropriate dis- 
tribution of the braking force among the front and rear wheels. This P&B valve 1 20 steps the regulation of the pressure 
of the brake oil to be delivered to the rear-wheel system in the event of the trouble with the front-wheel system. 

A booster 122 is connected to the front master-pressure line 164 extended from the P&B valve 120 in order to 
ensure a high braking force by increasing the pressure in the front-wheel cylinders in the event of a reduction in the 

w pressure in the power supply system. This booster 1 22 is connected to a booster line 1 68 connected to a booster cham- 
ber of the brake booster 1 16. A pressure limrter 124 and a differential pressure switch 126 are interposed between the 
booster 122 and the booster fine 168. 

When the pressure limrter 1 24 receives a pressure greater than the limit of the assisting force of the brake booster 
1 1 6 in a normal condition, the pressure Gmrter 1 24 doses a line connected to the booster chamber so as to prevent the 

is actuation of the booster 122 and the differential pressure switch 126. The drfferentiat pressure switch 126 senses the 
pressure difference between the master cylinder 114 and the booster chamber. 

The booster fine 1 68 is connected to the pressure-increase valve 1 32a of the valve SFR and the pressure-increase 
valve 134a of the valve SFL A tow-pressure line 162 directly connected to the reservoir 100 is connected to the pres- 
sure-reduction valve 132b of the valve SFR and the pressure-reduction valve 134b of the valve SFL 

20 A changeover solenoid valve 136 (hereinafter referred to as a valve SA1) and a changeover solenoid valve 138 
(hereinafter referred to as a valve SA2) are connected to the pressure-supply pipes of the valve SFR and the valve SFL 
The valve SA1 and the valve SA2 are further connected to a pipe for receiving increased pressure from the booster 1 22. 
A power-supply p$>e of the vatve SA1 is connected to a front-wheel cylinder 144 which applies brake pressure to a front- 
left wheel disk brake 152. A power-supply pipe of the valve SA2 is connected to a front-wheel cylinder 146 which 

25 applies brake pressure to a front-right wheel disk brake 154. 

In a normal brake mode, the valve SA1 and the valve SA2 switch the valves so that the pressure from the booster 
122 is applied to each of the front-wheel cylinders 144 and 146. In an ABS control mode, the valves are switched so 
that the pressure from the valve SFR and the vatve SFL is applied to each of the front-wheel cylinders 144 and 146. In 
short, the front wheels can be switched independently of each other between the normal brake mode and the ABS con- 

30 trol mode. 

A pressure-increase valve 140a of a rear-right control solenoid vatve 140 (hereinafter referred to as a valve SRR) 
and a pressure-increase vatve 142a of a rear-left control solenoid vatve 142 (hereinafter referred to as a valve SRL) are 
connected to the booster line 168 via a changeover solenoid valve 130 (hereinafter referred to as SA3). Further, a pres- 
sure-reduction valve 140b of the valve SRR and a pressure-reduction vatve 142b of the valve SRL are connected to a 
35 low-pressure Bne 162 directly extended from the reservoir 100. 

A pressure-supply pipe of the valve SRR is connected to a rear-wheel cylinder 148 which applies brake pressure 
to a rear-right brake disk 156, and a pressure-supply pipe of the valve SRL is connected to a rear-wheel cylinder 150 
which applies brake pressure to a rear-left brake disk 158. 

In the normal brake mode, the vatve SA3 switches the valve so that the master pressure can be applied to the 
40 valves SRL and SRR from the rear master-pressure line 166. In the ABS control mode, the valve is switched so that 
high pressure in the booster line 168 can be applied to the valves SRL and SRR. In short, the right and left rear wheels 
are switched between the normal brake mode and the ABS control mode while they are grouped together. 

The outline of the operation of the ABS controller in accordance with the first aspect of the invention will be 
descrbed. In the ABS mode, the valves SA1 and SA2 shown in FIG. 9 close the valve connected to the booster 122 
45 and opens the valves connected to the valves SFR and SFL Further, the valve SA3 closes the valve connected to the 
rear master-pressure line 166 and opens the valve connected to the booster line 168. 

The wheel-speed sensor 10 senses the speed of each of the first to fourth wheels at the sampling intervals x and 
outputs time-series data e>gk] regarding the thus-sensed wheel speeds. 

The torque-gradient estimating means 12 performs arithmetic operations by aforementioned Equations (9) and (10) 
so through use of a>j[k] in step 1 . In step 2, the friction torque gradient is estimated by the recurrence formula represented 
by Equation (1 1 ), which is obtained from a method of least square that is one of on-line system identification methods. 
Time-series data regarding the estimated friction torque gradient are obtained by repeating the steps 1 and 2 in order. 

The ABS control means 14 executes processing along the flowchart shown in FIG. 10. 

As shown in FIG. 10, me ABS control means 14 calculates the operate 3, 4) for each wheel 

55 at each sampling point in time through use of the friction torque gradient estimated by the torque-gradient estimating 
means 12 at each sampling point in time (step 200). 

More specifically, the equation of state; namely, Equations (34) and (35), are derived from aforementioned Equa- 
tions (29) to (33), and a control system which allows arbitrary A (-1 s Agj ^ 1) to be defined by Equation (36) given 
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by Equations (34) and (35) is designed through use of a so-called a-design method, whereby a controfler defined by 
Equations (38) and (39) are derived. A status vale of the controller is substituted into Xc of Equation (39). and a value 
representing the friction torque gradient estimated by the torque-gradient estimating means 1 2 is substituted into V °* 
Equation (39). whereby the operation amount u of the ABS control valve is obtained. 

5 The wheel number i is set to 1 (step 202), and it is determined whether or not the operation amount Uj of the i-th 
wheel is greater than a positive reference value +e (step 204). rf the operation amount Uj is greater than the positive 
reference value +e (YES in step 204), the operation signal to be sent to the ABS control valve of the i-th wheel is set to 
a pressure-increase signal (step 206). In contrast, if the operation amount Uj is not greater than the positive reference 
value +6 (NO in step 204), it is further determined whether or not the operation amount Uj is smaller than a negative 

w reference value -e (step 208). If the operation amount Uj is smaller than the negative reference value -e (YES in step 
208). the operation signal to be sent to the ABS control valve of the i-th wheel is set to a pressure-reduction signal (step 
21 0). In contrast, if the operation amount u* is not smaller than the negative reference value -e (NO in step 208); namely, 
if the operation amount U| is greater than the negative reference value -e but smaller than the positive reference value 
+e, the operation signal to be sent to the ABS control valve of the i-th wheel is set to a hold signal (step 212). 

75 When the operation signal related to the operation amount U; of the first wheel is set, the wheel number i is incre- 
mented by only one (step 214). Subsequently, it is determined whether or not T is in excess of four (step 216). K V is 
not in excess of four (NO in step 21 6), the processing then returns to step 204. Similarly, the operation signal is set for 
the operation amount Uj of the incremented wheel number 1". 

If the wheel number V exceeds lour (YES in step 216); namely, if the operations signals to be sent to all the ABS 

20 control valves of the first to fourth wheels are set, the thus-set operation signals are sent to the ABS control valve 1 6 
(step 218). The setting of the operation signals and the transmission of the operation signals as descrfced above are 
executed in each sampOng point in time. 

As a result of transmission of the operation signals to the respective wheels, the SFR controller 1 31 , the SFL con- 
troller 133. the SRR controller 139. the SRL controller 141 shown in FIG. 8 control the opening/dosing actions of the 

25 valve SFR. the valve SFL, the valve SRR, the valve SRL within the ABS control valve 1 6 in accordance with the opera- 
tion signals. 

Specifically, if the operation signals are pressure-increase signals, the pressure-increase valves are opened, and 
the pressure-reduction valves are dosed. As a result, the high pressure in the booster line 168 shown in FIG. 9 is 
applied to the corresponding wheel cylinders, whereby the braking force is increased. In contrast if the operation sig- 

30 nats are pressure-reduction signals, the pressure-increase valves are dosed, and the pressure-reduction valves are 
opened. As a result, the low pressure in the low-pressure fine 1 62 shown in FIG. 9 is applied to the corresponding wheel 
cylinders, whereby the braking force is reduced. Further, if the operation signals are hold signals, the pressure-increase 
valves and the pressure-reduction valves are both closed. As a result the pressure applied to the corresponding wheel 
cylinders is retained, so that the braking force is maintained. 

35 As described above, in accordance with the present ernbodimerrt the friction torque gradient is estimated from only 
the time-series data regarding the wheel speed, and ABS control is effected so that the friction torque gradient becomes 
zero. As a result, if the slip speed at which the peak friction coefficient ji reaches the peak value is changed depending 
on the stated the road on which the vehide travels, ABS control can be stably effected. 

Further, in the present embodiment it is required to identify merely two parameters; namely, the time history of the 

40 physical quantity related to variations in the wheel speed, and the time history of the physical quantity related to the 
change regarding the variations in the wheel speed. Therefore, in comparison with the conventional techniques (as dis- 
closed in US Patent) which requires identification of three parameters, the ABS controller of the present invention can 
contrfoute to a reduction in operation time and improvements on the accuracy of arithmetic operation. Consequently, 
anti-lock brake control with a high degree of accuracy can be effected. 

45 The conventional techniques further require the detection of the pressure of the wheel cylinder in addition to the 
wheel speed. In contrast in the present ernbodiment it is only required to sense the wheel speed without use of expen- 
sive pressure sensors. Therefore, an inexpensive and simple ABS controller can be implemented. 

In the present embodiment, it is not necessary to estimate the vehide speed. Therefore, problems inherent to the 
conventional techniques can be prevented; for example, the problem that in order to estimate the vehide speed, the 

so braking force must be increased and decreased at a comparatively low frequency until a speed V w calculated from the 
wheel speed matches or becomes approximately equal to the actual vehide speed Vy-; and the problem that the wheels 
are locked for a long period of time or the braking forces are extremely reduced in order to return to its unlocked state 
in case where there is a significant cffference between the vehide speed to be compared with a reference speed and 
the actual vehide speed. As a result, comfortable ABS control can be implemented. 

55 In the present embodiment, the modem corrtrd theory is not simply appfied to the anti-lock braking system having 
nonlinear charaderistics strongly affected by the characteristics of tires. Since the nonlinear characteristics can be 
apparently deemed as equivalent plant variations, an ABS corrtrd system which allows these plant variations is 
designed by application of the robust control theory, and hence elaborate ABS control can be effected in consideration 
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of the interference between the four wheels. 

In addition to the ABS control system, the friction torque estimating device 8 can be also applied to, e.g., a warning 
device which issues a warning sign related to brake to the driver in accordance with a value representing the est imate d 
friction torque gradient Moreover, the friction torque estimating device 8 can be also applied to a driving force controller. 
5 In this case, the friction torque estimating device 8 estimates a driving torque gradation. 

[SECOND EMBODIMENT OF THE FIRST ASPECT] 

With reference to FIG. 2, the ABS controller accorcfirtg to a second embodiment of the first aspect of the invention 
w will be described. The elements which are the same as those in the first embodiment will be assigned the same refer- 
ence numerals, and their detailed explanations will be omitted here for brevity. 

As shewn in FIG. 2, the ABS controller according to the second embodiment is comprised of braking torque sens- 
ing means 51 for sensing braking torque T b at predetermined sampling intervals x, wheel deceleration sensing means 
52 for sensing a wheel deceleration V a* predetermined sampling intervals t, torque-gracfient estimating means 53 
is which estimates the friction torque gradient from the thus-sensed time-series data 0 = 1,2, 3, ...) and time-series 
data yd Q = 1,2, 3, ...), ABS control means 15 which calculates for each wheel an operation signal used for ABS control 
from the estimated friction torque gradient, and an ABS control valve which effects ABS control by actuating brake pres- 
sure for each wheel in accordance with the operation signal calculated by the ABS control means 15. Of these ele- 
ments, the braking torque sensing means 51 , the wheel deceleration sensing means 52, and the torque-gradient 
20 estimating means 53 constitute a friction torque estimating device 50 which outputs a value representing the estimated 
friction torque gradient 

The braking torque sensing means 51 is made up of a pressure sensor for sensing the cylinder pressure of each 
wheel, and a multiplier for calculating and outputting braking torque for each wheel by multiplying the wheel cylinder 
pressure sensed by the pressure sensor by a predetermined constant 
25 The wheel deceleration sensing means 52 can be implemented as a fitter for deriving the wheel deceleration y ; of 
the i-th wheel 0 = 1 , 2, 3, 4) by subjecting to the processing represented by the following equation a wheel speed signal 
©j of the i-th wheel sensed by a wheel-speed sensor (wheel-speed sensing means) fitted to each wheel. 
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where "s" is an operator for Laplace transformation. Further, the wheel deceleration sensing means 52 may be formed 
from a wheel deceleration sensor for directly sensing wheel deceleration without sensing the wheel speed. 

35 The torque-gracfient estimating means 53 may be formed into a calculator which calculates f j and of the i-th wheel 
from the time-series data yjj] regarding the deceleration of the i-th wheel and the time-series data T^Q] regarding the 
braking torque of the i-th wheel by Equations (23) and (25), and which estimates and calculates the friction torque gra- 
dient kj of the i-th wheel by application of, ag. the on-fine system identification method, to the data obtained by substi- 
tuting the thus-calculated f { and ^ to Equation (28). 

40 The operation of the ABS controller of the second embodiment of the first aspect of the invention will be described. 
In accordance with the time-series data Tbfl Q = 1, 2, 3, ...) regarding the sensed braking torque of the i-th wheel 
and the time-series data yjQ] Q = 1 , 2, 3, ...) regarding the sensed deceleration of the i-th wheel, the torque-gradient esti- 
mating means 53 estimates the friction torque gradient of the i-th wheel for each wheel. 

The ABS control means 1 5 calculates and outputs an operation signal for the i-th wheel so as to prevent the friction 

45 torque gradient of the i-th wheel from becoming smaller than a reference value. The ABS control valve 1 6 then controls 
the brake pressure of each wheel in accordance with this operation signal. 

For example, in a case where the calculated friction torque gradient becomes smaller than the reference value, the 
ABS control means 15 immediately outputs a brake-pressure-reduction instruction signal to the ABS control valve 16. 
For example, if the reference value is set to a positive value in the vicinity of zero, the friction torque gradient is zero in 

so the region where the friction coefficient \i reaches the peak value. Therefore, if the brake is effected so as to exceed the 
peak friction coefficient n, the brake pressure is irnrnediatety reduced, thereby preventing tire locking. 

In contrast rf the calculated friction torque gradient becomes greater than the reference value, the ABS control 
means 15 may immediately output a brake-pressure-increase instruction signal to the ABS control valve 16. As in the 
case of the previous operation, in a case where the reference value is set to a positive value in the vicinity of zero, if the 

55 friction torque gradient enters the region where the friction coefficient \i is smaller than the peak value, the braking force 
is immediately increased so that the friction coefficient \i is returned to the vicinity of the peak value. As a result the 
most effective braking becomes feasible, and hence the stopping distance can be reduced. 

As descrfoed above, in accordance with the second embodiment, the ABS control is effected in accordance with 
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the friction braking torque gradient calculated from the wheel deceleration and the braking torqua Therefore, as in the 
case of the first embodiment, the estimation of wheel speed becomes unnecessary, and comfortable anti-lock brake 
control can be constantly effected regardless of the state of the road surface. 

Further, in accordance with the second embodiment there is adopted a method in which only one parameter called 
5 the friction torque cpacfient is directly identified. Therefore, in comparison with the conventional techniques (as disclosed 
in US Patent) which requires identffication of three parameters, the ABS controller of the present invention can contrib- 
ute to a considerable reduction in operation time and significant improvements on the accuracy of arithmetic operation. 
Consequently, anti-lock brake control with a higher degree of accuracy can be effected. 

Even in the second embodiment, the ABS control means 14 in accordance with the first embodiment can be 
w employed in place of the ABS control means 15. Specifically, it is possible to execute the processing which is defined 
in the flowchart in FIG. 1 0 and takes into consideration interference between the four wheels. As a result, elaborate ABS 
control can be effected. 

In addition to the ABS control system, the friction torque gradient estimating dance 50 can be also applied to, ag. , 
a warning device which issues a warning sign related to brake to the driver in accordance with a value representing the 

is estimated friction torque gradient 

Further, as shown in FIG. 3, this friction torque gradient estimating device 50 can be also used as a lirnit-d termi- 
nation device 55 for determining the limit of the charac te ristics of the friction torqua This limit determination device 55 
is comprised of the friction torque gradient estimating device 50 in FIG. 2, and limit determination means 54 which is 
connected to the output terminal of the friction torque gradient estimating dance 50 and determines, from a calculated 

20 value representing the friction torque gradient, the limit of the characteristics of the friction torqua 

The characteristics of friction torque used herein represent the characteristics of the change in the friction torque 
with respect to the slip speed (see FIG. 5). The limit of the friction torque characteristics used herein represents the 
boundary across which the characteristics of the change in the friction torque shift from a certain condition to another 
condition. An example of this boundary is a bomdary (i.a, the point at which the friction torque gradient nearly 

25 approaches to zero) in FIG. 5 across which the change in the friction torque shifts from a region of a slip speed (in which 
the friction coefficient \i is smaller than its peak) to another region of the slip speed (in which the friction coefficient \i 
approaches to the vicinity of zero). To detect this limit the limit determination means 54 stores a value close to zero as 
a reference value in advance. If the calculated friction torque gradient is greater than this reference value, the gradient 
is determined to be within the limit In contrast, if the friction torque gradient is smaller than the reference value, the gra- 

30 dierrt is determined to be outside the limit The result of such determination of the limit is output as an electrical signal. 
The limit determination dance 55 may be arranged in such a way that an output si$pial of the limit determination 
device 55 is input to the ABS control means 15 in FIG. 2. In this case, if the characteristics of friction torque are deter- 
mined to reach the limit tire locking is prevented by outputting a brake-pressure-reduction instruction signal to the ABS 
control valve 16. 

35 If the vehicle travels on the road surface in which the gradient of control torque drastically changes in the vicinity of 
the peak friction coefficient n. servo control intended to cause the braking action to follow a certain target value may not 
function correctly. To prevent this trouble, the limit determination device 55 may be designed so as to determine the limit 
outside of which the friction torque gradient drastically changes and control the target value of the control system in 
accordance with the result of such determination. As a result, superior control performance can be accomplished. 

40 

[THIRD EMBODIMENT OF THE FIRST ASPECT] 

In reference to FIG. 4, a friction torque gradient estimating device in accordance with a third embodiment of the first 
aspect of the invention will be descrfced. The elements which are the same as those in the first and second embodi- 
45 merits wfll be assigned the same reference numerals, and their detailed explanations will be omitted hera 

As shown in FIG. 4, a friction torque gradient estimating device 57 in accordance with the third embodiment com- 
prises a micro-gain computation section 22 for calculating micro-gains Q* and a friction torque grarferrt computation 
section 56 for performing arithmetic operations in order to convert the thus-calculated micro-gains Qd into the friction 
torque gradient. 

so The micro-gain computation section 22 comprises a wheel-speed rnicro-amplitude sensing section 40 which 
senses minute vftxation of the wheel-speed signal (i.a, a wheel-speed rnicro-amplitude co^) obtained when the 
brake pressure is excited in a very small amount in the vicinity of mean brake pressure at a resonance frequency cxo 
(Eq. 41) of the vforation system comprised of the vehicle body, the wheel, and the road surface; a brake-pressure micro- 
amplitude sensing section 42 which senses a rnkro-amplitude P v of the brake pressure excited at the resonance fre- 

55 quency <d°o; and an analog divider 44 which outputs the micro-gain Qd by dividing the detected wheel-speed micro- 
amplitude by the micn>amplitude P v The means for exciting brake pressure in a very small amount wiD be 
described later. 

The wheel-speed rricro-amplitude sensing section 40 can be implemented as a computation section as shown in 
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FIG. 14 which performs filtering operations for extracting vibration components of the resonance frequency ooo. For 
example, provided that the resonance frequency ooo of the vflxation system is about 40 Hz, one cycle is set to 24 ms 
or about 41.7 Hz in consideration of controllability. A band-pass titer 75 centered at this frequency is provided. This 
band-pass fBter 75 permits the passage of only the frequency components in the vicinity of about 41.7 Hz of the wheel- 
5 speed signal The output of this band-pass fitter 75 is subjected to full-wave rectification at a full-wave rectif ier 26 and 
is smoothed into a DC voltage. A low-pass fitter 77 permits the passage of only a low frequency component of the 
smoothed DC signal, whereby the wheel -speed micro-amplitude gd^ is output 

Alternatively, the wheel-speed micro-amplitude sensing section 40 can be also implemented by consecutively 
acquiring time-series data over a period corresponding to an integral multiple of the cycle; e g., time-series data con- 
ic ceming one cycle of 24 ms or time-series data concerning two cycles of 48 ms, and by determining the correlation 
between a unit sinusoidal waveform and a unit cosine waveform of 41 .7 Hz. 

As previously descrbed, desired braking forces can be implemented by controlling the time for increasing or 
decreasing the pressure in each control solenoid valve (i.e*. the valve SFR. the valve SFL, the valve SRR. and the valve 
SRL) in accordance with the pressure in the master cylinder (i.e., the booster pressure). The brake pressure can be 
is excited in a very small amount by controlling the increase or decrease in the pressure in the control solenoid valve with 
a cycle corresponding to the resonance frequency concurrent with the increase or decrease in the pressure in the con- 
trol solenoid valve intended to implement means braking force. 

More specifically, as shewn in FIG. 1 5, the switching between a pressure-increase mode and a pressure-reduction 
mode is carried out every T/2 which is half the cycle of the minute excitation (e.g., 24 ms). At the instant of switching of 
20 the mode, a pressure-increase instruction signal is output to the valve during the period of pressure-increase time tj, 
and a pressure-reduction instruction signal is output to the valve during the period of pressure-reduction time ^ During 
the period of the remaining time, a hold instruction sigpial is output. The mean braking force is determined by ratio of 
the pressure-increase time tj to the pressure-reduction time t, corresponding to the pressure in the master cylinder (i.e., 
the booster pressure). Very small vbration is appGed to the vicinity of the mean braking force by switching between the 
25 pressure-increase mode and the pressure-reduction mode at every one-half cycle T/2 corresponding to the resonance 
frequency. 

The brake-pressure micro-amplitude P v is determined by the predetermined relationship between the pressure in 
the master cylinder (i.e., the booster pressure), the length of pressure-increase time tj, and the length of the pressure- 
reduction time V shown in FIG. 15. Therefore, the brake-pressure rnicro-amplrtude sensing section 42 shown in FIG. 4 

30 can be constituted in the form of a table for producing the brake-pressure micro-amplitude P v from the pressure in the 
master cylinder (i.e., the booster pressure), the pressure-increase time % and the pressure-reduction time V 

As has been previously descrbed, the micro-gain Qd and the friction torque gradient is substantially proportional 
to each other. Therefore, the friction torque gradient computation section 56 in FIG. 4 can be formed as a multiplier 
which produces an appropriate proportional coefficient by multiplication of the computed micro-gain G^. The micro-gain 

35 Gd has a tendency to increase with a reduction in the wheel speed. The friction torque gradient can be correctly calcu- 
lated at all times independently of the wheel speed by changing the proportional coefficient responsive to the wheel 
speed. 

The operation of the friction torque estimating device in accordance with the third embodiment of the first aspect of 
the invention will be descrbed. 
40 If the braking pressure is excited in a very small amount at the resonance frequency ©oo. the micro-gain computa- 
tion section 22 calculates the micro-gain Gd, and the friction torque gradient computation section 56 converts the micro- 
gain into the friction torque gradient and outputs this braking torque gradient 

As descrbed above, the friction torque gradient which exactly represents the dynamic characteristics of the wheel 
motion can be readily calculated in the third embodiment. Therefore, this technique can be applied to various tech- 
45 niques in which various kinds of control are carried out in accordance with the state of friction. 

For example, if the ABS control means 14 in FIG. 1 or the ABS control means 15 in FIG. 2 is arranged so as to 
utilize the result of computation of the torque-gracfient estimating section 56, the same effects as those yielded by the 
ABS controllers of the first and second embodiments can be obtained. 

In addition to the ABS control system, the friction torque gradient estimating section 56 can be also applied to, eg., 
so a warning device which issues a brake-related warning sign to the driver in accordance with the value of the estimated 
friction torque gradient 

Although the present invention has been descrbed with reference to the atustrative examples of the embodiments, 
the present invention is not limited to these embodiments. Various modifications of the embodiments can be contrived 
without departing from the principle of the invention. 
55 For example, although the ABS controller of the previous embocfiment is designed to carry out peak-u control so 
that the friction torque gradient becomes zero or approximately close to zero, it may also be designed to carry out con- 
trol so that the friction torque gradient becomes a reference value other than zero. 

The limit determination device 55 of the second embodiment can be also used when determining the limit in 
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accordance with the friction torque gradient estimated by the gradient-torque estimating device 8 of the first embodi- 
ment or the gracfient-torque estim a ting device 57 of the third embodiment 

Although the micro-excitation means is implemented by the switching between the pressure-increase mode and 
the pressure-reduction mode of the control solenoid valves, very small excitation may be cf recti y imparted to the brake 
5 cfisc through use of a piezoelectric actuator which causes expansion and contraction corresponding to an excitation sig- 
nal. 

SECOND ASPECT OF THE INVElsfTION: 

10 With reference to the accompanying drawings, a control start determination device in accordance with a second 
aspect of the present invention will be descrfoed in detail hereinbelow. 

[FIRST EMBODIMENT OF THE SECOND ASPECT] 

75 FIG. 19 shows the configuration of the control start determination device according to the first embodiment of the 
second aspect of the invention. 

As shown in FIG. 19, a control start determination device 5 of the first embodiment is comprised of wheel-speed 
sensing means 10' for sensing the wheel speed at predetermined sampling intervals x; torque-gradient estimating 
means 1 2* which estimates the friction torque gradient from time-series data concerning the wheel speed sensed by the 

20 wheel-speed sensing means 1 0'; and determination means 1 7 which determines the starting or end point for control of 
control means 14' (including &g., an anti-lock brake controller and a traction controller which will be descnbed later) by 
a comparison between an estimated friction torque gradient and a reference value. 

The torque-gradient estimating means 1 2' calculates a physical quantity concerning the change in the wheel speed 
during one period of sampling time by Equation (9) through use of the time-series data regarding the sensed wheel 

25 speed, and also calculates a physical quantity concerning the change occurred during one period of sampling time with 
regard to the variation occurred in the wheel speed during one period of sampling time by Equation (10) [Step 1]. Fur- 
ther, physical quantities representing the time history of the physical quantity regarding the variations in the wheel 
speed and the time history of the physical quantity regarding the change in the variations in the wheel speed by Equa- 
tion (11) are calculated through use of the physical quantities calculated in step 1 [step 2], whereby the friction torque 

30 gracfient is estimated from the physical quantities. 

FIG. 20 shows a vehicle equpped with the control start determination device having the previously-described con- 
struction, wherein the result of determination of the control starting point is applied to anti-lock brake control or traction 
control. 

The first through fourth wheels of the vehicle body shown in FIG. 20 are respectively equpped with the brake disks 
35 152, 154. 158, 156; the front-wheel cylinders 144 and 146; the rear-wheel cylinders 148 and 150; and the wheel-speed 
sensors 10a, 10b, 10c, 10d as the wheel-speed sensing means 10'. The wheel-speed sensor 10a, 10b, 10c, or 10d 
senses time-series data cojk] (k is a sampling point in time; k = 1 , 2, ...) regarding the speed of the i-th wheel (i denotes 
a wheel number, and i= 1, 2, 3, 4) fitted to the vehicle body. 

Brake fluid pipes for supplying brake pressure are connected to the front-wheel cylinders 144 and 146 and the rear- 
40 wheel cylinders 150 and 148 and are connected to hydraulic brake circuitry 99. In short, the wheel cylinders apply to 
the respective brake disks the brake pressure corresponding to the oil pressure received from the hydraulic brake cir- 
cuitry 99. 

The wheel-speed sensors 10a, 10b, 10c 1 0d are connected to the torque-gracfient estimating means 12' which is 
connected to the determination means 1 7. 
45 An ABS/TRC controller 18 for outputting control signals used for effecting anti-lock brake control or TRC (traction) 
control is connected to the determination means 1 7. The hydraulic brake circuitry 99 is connected to the ABS/TRC con- 
troller 18. 

The hydraulic brake circuitry 99 supplies to the respective wheel cylinders the pressure corresponding to the step- 
ping-on force applied to the brake pedal 1 1 8. When traction control or anti-lock brake control is performed, the hydraulic 
so brake circuitry 99 switches the hydraulic circuitry in order to control the pressure to be supplied to the wheel cylinders 
in accordance with the control signal received from the ABS/TRC controller 18. 

The engine of the vehicle body shown in FIG. 20 is provided with a main throttle valve 32 for controlling the amount 
of air taken into the engine in association with an accelerator pedal 36. A sub-throttle valve 28 is provided upstream of 
the main throttle valve 32. This sub-throttle valve 28 is opened or dosed by actuation of a sub-throttle actuator 26 con- 
55 nected to the ABS/TRC controller 1 8. 

The sub-throttle vafve 28 is set in a full load state by a return spring (not shown) at me time of non-traction control. 
The degree of opening/closing action of the sub-throttle valve 28 is controlled at the time of traction control in accord- 
ance with the control signal received from the ABS/TRC controller 1a 
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The main throttle valve 32 and the sub throttle valve 28 are each provided with a main throttle valve position sensor 
34 and a sub throttle valve position sensor 30 for sensing the open or closed positions of the valves. The main throttle 
valve position sensor 34 and the sub throttle valve position sensor 30 are connected to an engine transmission control- 
ler 24 which controls the engine and the transmission. The engine transmission controO er 24 and the ABS/TRC corrtrol- 
5 ler 1 8 are bfcfirectionally coupled together, and the engine transmission controller 24 controls the engine of the vehicle 
body via the ABS/TRC controller 1 8 in accordance with the degree of opening/closing action of the valve. 

With reference to FIG. 21 , the configuration of the system hydraulic circuitry in accordance with the second aspect 
of the invention will be described in detail hereinbelow. 

This circuitry is only different from the corresponding circuitry in accordance with the first aspect in that it is pro- 
w vided with a high-pressure line STR 129 extended from the accumulator 108. Therefore, only the deference will be 
descrbed. and explanations for the other portions of the circuitry will be omitted. 

As shown in FIG. 21 , in accordance with the second aspect of the invention, the system hydraulic circuitry includes 
the valve STR 1 29, and a high-pressure line 1 67 connected to the accumulator 1 08 is connected to this valve STR 1 29. 
IntheABS mode, the valve STR 129 switches the valve in such a way that the high pressure in the booster line 168 is 
is appBed to the valve SA3. In the TRC mode, the valve STR 129 switches the valve in such a way that the high pressure 
is applied to the valve SA3 regardless of the stepping-on force exerted on the high-pressure line 1 67. As a result, in the 
TRC mode, the high pressure can be applied to each of the rear-wheel cylinders even when the driver does not depress 
the brake pedal 118. 

I n a normal brake mod e, the valve SA3 switches the valve in such a way that the master pressure in the rear mas- 
20 ter-pressure line 1 66 is applied to the valve SRL and the varve SRR. In the ABS (or TRC) mode, the valve SA3 switches 
the valve in such a way that the pressure (i.e., the pressure in the booster fine 1 68 in the ABS mode, and the pressure 
in the high-pressure line 167 in the TRC mode) received via the varve STR is applied to the valve SRL and the valve 
SRR. In short, the rear wheels are switched between the normal brake mode and the ABS (or TRC) mode while they 
are grouped together. 

25 The changeover solenoid valves SA1 , SA2, SA3, STR and the control solenoid valves SRL, SRR, SFL, SFR are 
connected to the ABS/TRC controller 18. In accordance with the control signal received from the ABS/TRC controller 
18, the opening/closing action or the positions of the valves are switched. 

In reference to a flowchart shown in FIG. 23, an explanation will be given of the first example of control in which 
ABS control is effected through use of the vehicle body in accordance with the second aspect of the invention shown in 

30 FIG. 20. In the region in which ABS control is effected, the wheel acceleration (<d ( [kj - <d ,[k - 1]/t ) is negative, and this 
logic is executed when the wheel acceleration is negative. 

As shown in FIG. 23, the determination means 14 in FIG. 20 determines whether or not the friction torque gradient 
k estimated by the torque-graalent estimating means 12 is smaller than a reference value E (>0) (step 300). This refer- 
ence value E corresponds to the value representing the friction torque gradient with respect to the lower limit value of 

35 the slip speed in the ABS control region in which the braking action follows the peak friction coefficient u shown in FIG. 
22. 

If the friction torque gradient k is determined to be greater than the reference value E (NO in step 300); namely, if 
the friction torque gradient is in the slip speed region smaDer than the lower limit value of the region in which the braking 
action follows the peak friction coefficient p, the changeover valves (SA1 . SA2, SA3 in FIG. 21 ) are set to the non-ABS 
40 mode (step 302). In this case, the braking forces corresponding to the master pressure are applied to the wheel cylin- 
ders. 

In contrast if the friction torque gradient k is determined to be smaller than the reference value E (YES in step 300) ; 
namely, if the friction torque gradient is in the slip speed region in which the braking action follows the peak friction coef- 
ficient the changeover valves are set to the ABS mode (step 304), and the braking force is reduced (step 306). When 

45 the braking force is reduced, the pressure-increase valves 132a, 134a, 140a, 142a of the valves SFL, SFR, SRL, SRR 
in FIG. 3 are closed, whereas the pressure-reduction valves 132b, 134b, 140b, 142b of the same valves are opened. 
As a result the ofl pressure in the low-pressure fine 1 62 is applied to each of the wheel cylinders, thereby resulting in a 
reduction in the braking torque 

In the ABS shown in FIG. 23, when the friction torque gradient k is greater than the reference value E, the friction 

so coefficient is deemed to be distant from the peak friction coefficient so that the ABS is not activated. In contrast, when 
the friction torque gradient k is smaDer than the reference value E, it is considered that the braking force is applied to 
such an extent that the friction coefficient becomes close to or exceeds the peak friction coefficient \l, the mode is 
switched to the ABS mode. The braking force is then reduced. Consequently, the braking action which follows the peak 
friction coefficient ji can be implemented, and the tire locking can be prevented. 

55 In reference to a flowchart in FIG. 24, an explanation will be given of the second example of control in which the 
ABS control is effected through use of the vehicle body shown in FIG. 20. 

As shown in FIG. 24, the determination means 1 7 in FIG. 20 determines whether or not the friction torque gradient 
k estim a ted by the torque-gracBent estim a ting means 12 is smaller than the reference value E (>0) (step 210). 
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If the friction torque gradient k is determined to be greater than the reference value E (NO in step 31 0), the change- 
over valves (SA1 , SA2, SA3 in FIG. 21) are set to the non-ABS mode (step 312). In this case, the braking forces corre- 
spono5ng to the master pressure are applied to the wheel cylinders. 

In contrast if the friction torque gradient k is determined to be smaller than the reference value E (YES in step 310); 
5 namely, if the friction torque gradient is in the region in which ABS control is commenced, the changeover valves are 
set to the ABS mode (step 314). Further, it is determined whether or not the friction torque gradient k is smaller than 
another reference value -e (<0. e < E) (step 316). 

If the friction torque gradient k is determined to be smaller than the reference value -e (YES in step 316); namely, 
the braking forces are determined to be applied to such an extent that the friction coefficient exceeds the peak friction 
10 coefficient n, the braking forces are reduced (step 318). The processing then returns to step 310, and the similar 
processing will be executed. 

In contrast, if the friction torque gradient is determined to be greater than the reference value -e (NO in step 316). 
it is determined whether or not the friction torque gracfient is in excess of still another reference value e (>0) (step 320). 
If the friction torque gradient is determined to be greater than the reference value e (YES in step 320) ; namely, it is 

75 determined that the friction coefficient is slightly cfistant from the peak friction coefficient ^ the braking forces are 
increased (step 322). The processing then returns to step 310, and the similar processing will be executed. When the 
braking forces are increased, the pressure-reduction valves 132b. 134b, 140b, 142b of the valves SFL, SFR. SRL SRR 
in FIG. 21 are closed, whereas the pressure-increase valves 132a, 134a, 140a, 142a of the same valves are opened. 
As a result, the oil pressure in the high-pressure booster One 168 is applied to each of the wheel cylinders, whereby the 

20 braking forces are increased. 

If the friction torque gradient is determined to be smaller than the reference value e (NO in step 320); namely, the 
friction torque gradient is within the region of the peak friction coefficient \i (i.e., the range from -etoe) which includes 
zero, the current braking forces are retained (step 324). The processing returns to step 210 again, and the similar 
processing will be executed. When the braking forces are retained, the pressure-reduction valves 132b, 134b, 140b, 

25 142b and the pressure-increase valves 132a, 134a, 140a, 142a of the valves SFL, SFR, SRL, SRR in FIG. 21 are 
closed. As a result, the oil pressure applied to each of the wheel cylinders is retained. 

As previously descrfced, the ABS shown in FIG. 24 commences ABS control when the friction torque gradient 
becomes smaller than the reference value E, and also determines the starting point for ABS control to reduce, maintain, 
or increase the braking forces in such a way that the friction torque gradient is retained in the region of the peak friction 

30 coefficient u including zero. Consequently, braking actions which are more elaborate than those controlled by the ABS 
shown in FIG. 23 and follow the peak friction coefficient u can be implemented, and stable braking operations within the 
minimum braking distance can be effected. 

In reference to a flowchart shown in FIG. 25, an explanation will be given of an example of control in which TRC is 
effected through use of the vehicle body in FIG. 20 in accordance with the second aspect of the invention. In the region 

35 where TRC is effected, the wheel acceleration is positive, and this logic is executed when the wheel acceleration is pos- 
itive. 

As shown in FIG. 25, the determination means 1 7 in FIG. 20 determines whether or not the friction torque gradient 
k estimated by the torque-gradient estimating means 12 is smaller than a reference value F (>0) (step 330). This refer- 
ence value F is determined as the upper limit value of the friction torque gradient when TRC is effected while the friction 

40 torque gradient is maintained within a predetermined range (see a traction-control region in FIG 22). 

If the friction torque gradient k is determined to be greater than the reference value F (NO in step 330). the change- 
over valves (SA1 , SA2, SA3 in FIG. 21 ) are set to the non-TRC mode (step 332), and the sub-throttle valve 28 in FIG. 
20 is in a fully-opened state (step 334). As a result in a non-TRC mode, the vehicle enters a normal traveling condition 
in which the braking forces corresponcfing to the master pressure are applied to the wheel cylinders, and in which the 

45 amount of air depending on solely the degree of opening/closing of the main throttle valve 32 in FIG 20 is supplied to 
the engine. 

In contrast if the friction torque gradient k is determined to be smaller than the reference value F (YES in step 330) ; 
namely, if the braking torque gradient is in the region in which TRC control is commenced, the changeover valves are' 
set to a TRC mode (step 336). 

so The ABS/TRC controller 1 8 in FIG. 20 controls the degree of opening of the sub-throttle valve 28 so that the esti- 
mated friction torque gracfient matches the reference value (step 338), as well as regulating the braking forces by con- 
trolling the control solenoid valves so that the estimated friction torque gradient matches the reference value (step 340). 
In this case, the braking forces are applied as required even when the driver does not depress the brake pedal 1 1 8. 
Even in the control operation specified in steps 338 to 340, the determination means 17 compares the friction 
55 torque gradient with the reference value and determines the timing (i.e., the starting point for control) at which the 
ABS/TRC controller 18 increases/decreases the braking forces or regulates the degree of opening of the sub-throttle 
valve 28 in accordance with the result of such comparison. 

As descrfoed above, the TRC in FIG. 7 is effected in accordance with the friction torque gradient so as to prevent 
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the wheels from moving to such an extent as to exceed the peak friction coefficient u, and hence stable vehicle attitude 
can be maintained. 

As has been described above, in the first embodiment in accordance with the second aspect of the invention, the 
friction torque gradient is estimated from only the time-series data concerning the wheel speed. In accordance with the 

5 value representing the friction torque gradient determination is made as to the starting point for ABS or TRC control, 
as wefl as to the starting point for increased ecrease in the braking force or regulation of the degree of opening of the 
sub-throttle vafva As a result, even rf the slip speed at which the friction coefficient u becomes maximum changes 
depend ng on the state of road surface on which the vehicle travels, the fact that the friction torque gradient becomes 
zero at the peak friction coefficient u still remains unchanged. Therefore, stable ABS or TRC control can be effected. 

10 Further, according to the present embodiment, there is no need for estimation of the vehicle speed. Therefore, 
problems inherent to the conventional techniques can be prevented; for example, the problem that in order to estimate 
the vehicle speed, the braking force must be increased and decreased at a rornparativety low frequency until a speed 
V w calculated from the wheel speed matches or becomes approximately equal to the actual vehicle speed V>; and the 
problem that the wheels are locked for a long period of time or the braking forces are extremely reduced in order to 

is return to its unlocked state in case where there is a significant difference between the vehicle speed to be compared 
with a reference speed is significantly different from the actual vehicle speed. As a result, comfortable ABS control can 
be implemented. 

[SECOND EMBODIMENT OF THE SECOND ASPECT! 

20 

The second embodiment is directed to the application of the control start determination device of the first embodi- 
ment to an ABS which controls the braking force so as to follow the peak friction coefficient u in accordance with the 
vftxation characteristics of the wheel speed when the braking force is excited. 

FIG. 26 shows the configuration of the ABS to which a control start determination device 5 according to the second 
25 embodiment is applied. The elements which are the same as those used in the first embodiment are assigjied the same 
reference numerals, and their explanations will be omitted. 

As shown in FIG. 26. the vehicle body according to the second embodiment is comprised of; a micro-braking-force 
excitation instruction computation section 252 for calculating a miac4)raking^ce-excitation amplitude instruction sig- 
nal P v used for imparting, to the braking force given by the driver, very small vftxation having the same frequency as a 
30 resonance frequency f 1 of the wheel speed occurring when the tire is actively gripping, an amplitude detecting section 
254 for detecting the amplitude ca^ of the resonance frequency f 1 component of the detected wheel speed; and a brak- 
ing-force reduction instruction signal calculation section 250 for calculating a braking-force reduction instruction signal 
P r from a detected value a\j and the rrricro-brakir^-force-excitation amplitude command 

In accordance with the braking-force reduction instruction signal P r received from the braking-force reduction 
35 instruction computation section 250, a braking force P d produced by a driver's operation section 256, and the mjcro- 
brakirK>force-excftation amplitude instruction signal P v received from the rrucro-c<aking^force^crtation instruction 
computation section 252, the braking-force reduction instruction computation section 250 and the micro-braking-force- 
excrtation instruction section 252 generate a braking-force instruction signal which is an input to a vehicle motion sys- 
tem 258 to be controlled and are connected to a brake valve driver 260 which applies the thus-generated braking-force 
40 instruction signal to the vehicle motion system 258. 

The micro-braking-force excitation instruction computation section 252 is connected to determination means 17 of 
the control start determination device 5 and issues an instruction signal regard ng the start ng/stopping of excitation of 
the braking force to the brake valve driver 260 in accordance with the determination of the starting point for control of 
the determination means 17. 

45 In the second embodiment, the micro-braking-force excitation instruction computation section 252 calculates a 
micro-brakirig-force^crtation amplitude instruction signal P v used for imparting, to the braking force given by the driver, 
very small vtoration having the same frequency as a resonance frequency f 1 of the wheel speed occurring when the tire 
is gripping, and imparts the braking force given by the driver very small excitation having the same frequency as a res- 
onance frequency f 1 of the wheel speed occurring when the tire actively gripping. As a result variations in the reso- 

so nance frequency f 1 are detected from the amplification characteristics of the braking force. 

As shown in FIG. 28, with regard to the frequency characteristics of the wheel resonance system, as the friction 
coefficient u approaches its peak value, the peak of the gain of the wheel speed at the resonance frequency becomes 
low. Further, rf the friction coefficient \i exceeds the peak value, the resonance frequency shifts toward the higher-fre- 
quency side with respect to the resonance frequency f 1 occurring when the tire is gripping. In the case of the resonance 

55 frequency f t component occurring when the tire is gripping, as the friction coefficient u approaches its peak value, the 
amplitude of the resonance frequency f 1 component reduces. Therefore, from the gain of the very small vftxation com- 
ponent of the resonance frequency f 1 which appears in the wheel speed, it is possble to detect that the friction coeffi- 
cient u is approaching its peak value. 
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As shown in FIG. 14, the amplitude detecting section 254 is comprised of a band-pass fSter 75 whose pass band 
is set to a predetermined range inducing the resonant frequency fj of the wheel speed occurring when the tire is grip- 
ping, a full-wave rectifier 76 for rectifying an output from the band-pass f iter 75, and a low-pass filter 77 for smoothing 
an output from the fuD-wave rectifier 76 and converting an AC signal into a DC signal. Since the ampGtude detecting 

5 section 254 detects only the resonant frequency f 1 component of the wheel speed occurring when the tire is gripping 
and outputs the thus-detected resonance frequency f 1 component of the wheel speed in the form of a DC signal, the 
detected value corresponds to the amplitude of the resonance frequency f 1 component 

As shown in FIG. 29, the braking-force reduction instruction computation section 250 is comprised of a computation 
section 268 for calculating a micro-gain which represents the ratio of the detected value co^ to the micro-braking- 

10 force-excitation amplitude instruction Py> a PI controller 270 for calculating a reduced braking force by proportional-inte- 
gral control through use of a difference, g^ - g^ between the micro-gain g^ and a reference value gs, proportional gain 
Gpn and integral gain G^ and positive-value-eliminating section 272 which adopts only negative values by eliminating 
positive values in order to prevent the braking force from being applied to such an extent as to exceed the braking force 
P d given by the driver and outputs the negative values in the form of a braking-force reduction instruction signal P r 

75 In reference to a flowchart shown in FIG. 27, the flow of control according to the second embotiment of the second 
aspect of the invention will be descrfoed. 

As shown in FIG. 27, the determination means 1 7 in FIG. 26 determines whether or not the friction torque gradient 
estimated by the torque-gradient estimating means 12 is smaller than a reference value G (step 350). This reference 
value G is determined from a value representing the friction torque gradient with respect to the slip speed which is 

20 decided to be suitable for use in commencing the excitation of the braking force 

ff the friction torque gradient is smaller than the reference value G (YES in step 350), the m&u-braking-force exci- 
tation instruction computation section 252 issues an instruction for excitation. Upon receipt of this instruction, the brake 
varve driver 260 excites the braking force in a very small amount at the resonance frequency fj of the wheel speed (step 
352). 

25 If the micro-gain gd is greater than the reference value (YES in step 354); namely, if the value oo^ detected when 
the braking force is excited by the nrriao-bfaking-force^cftation ampfitude instruction signal P v is greater than a refer- 
ence value g^Py (where coy is a rotational speed and its unit is [rad/s], P v is pressure or torque and its unit is [Pa] or 
[Nm]), a mean braking force P m is maintained by assuming that the tire is gripping as explained in FIG. 28 (step 358). 
To the contrary, if the micro-gain g^ is smaller than the reference value (NO in step 354); i.e., if the value detected 

30 when the braking force is excited by the rnicro-braking-force-excitation amplitude instruction signal P v is smaller than 
the reference value g^Py* it means that the friction coefficient u is approaching its peak value, so the mean braking force 
P m is reduced (step 356). 

In step 350, if the friction torque gracfient is maintained at a value less than the reference value G, control is effected 
so that the braking force follows the peak friction coefficient \i while the micro-excitation of the braking force is main- 
35 tained. However, if the friction torque gradient exceeds the reference value G (NO in step 350), ft is deemed that the 
vehicle is gripping while the braking force is distant from the peak friction coefficient u, and the excitation of the braking 
force is stopped (step 360). 

As shown in FIG. 30 A, the mean braking force P m applied during the braking-force control operation shown in FIG. 
27 is expressed by the following Formula: 

40 

Since the braking-force reduction instruction P r is constantly negative, the mean braking force P m is not applied so as 
to exceed the braking force P d given by the driver. In this ABS control operation, if the friction coefficient \x reaches its 

45 peak value when the sum of the braking force given by the driver and the braking force vibrated in a very small amount 
is applied to the wheels, the mean braking force is reduced. Hence, the braking force is prevented from further increas- 
ing, thereby preventing tire locking. 

Further, in the foregoing braking-force control operation, it is understood, as from Rg. 30 A, that very small vibration 
components P v have already been superimposed on the braking force P^ from the starting point for micro-excitation 

so when YES in step 350. 

In contrast, as can be seen from the variations with time in the braking force of the ABS which employs the conven- 
tional micro-excitation method in FIG. 30B, the very smaO excitation components P v are superposed on the braking 
force P b from the point in time when the braking forces are applied to the wheels in response to the braking action of by 
the driver. If the braking force is excited in a very small amount immediately after the braking action as in the conven- 
55 tfonal ABS, the braking force needs to be excited for a comparatively longer period of time than in the second embodi- 
ment. In a case where ABS control is not needed even when the brake pedal is depressed, the rrticro-excitation of the 
braking force becomes useless. 

In the second embodiment since the braking force is excited in a very small amount from the starting point for con- 
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trol detennined by the determination means 1 7 In accordance with the friction torque gracSerrt, the braking force can be 
efficiently excited in a very small amount in a short period of time without deteriorating the accuracy of detection of the 
peak friction coefficient n. 

Trie present invention is not limited to the foregoing DIustrative ernbocfiments. Although the present invention is 
5 appfied to ABS and TRC as examples in the foregoing descriptions, the present invention can be applied to any fields 
other than ABS and TRC, in which motion of wheels is controlled so as to enter a predetermined state of motion. 

Although the control start determination device of the present invention is applied, as an example, to the technique 
of effecting TRC utilizing the regulation of the degree of opening of the sub-throttle valve and the regulation of the brak- 
ing force, the present invention can be also applied to the technique of effecting TRC utilizing either the regulation of 
10 the degree of opening of the sub-throttle or the regulation of the braking force. 

Further, the aforementioned embodiments can be applied to trains as well as to vehicles. 

EXPERIMENTAL EXAMPLES OF THE SECOND ASPECT: 

is FIGs, 31A to 34C show the results of experiments performed with regard to the determination of the start of ABS 
control through use of the control start determination device 5 disclosed in the foregoing embodiments, with respect to 
loose braking, harsh braking, and progressive braking, provided that the initial wheel speed is 50 rad/s. In this experi- 
ment, the reference value for the friction torque gradient k is set to 50. That is, the point in time when k < 50 is deter- 
mined as the point in time when ABS control is commenced by reducing the braking force. Since the experiment is 

20 intended only for determination of the starting point for control, actual ABS control is not effected. 

FIGs. 31 A to 31C show variations with time in the wheel speed, the vehicle speed, the slip rate, and the friction 
torque gradient in the case where brakes are loosely applied such that wheel locking does not occur. In this case, even 
if there is a tendency for the slip rate to increase as a result of application of brakes after a lapse of 2 sec the friction 
torque gradient reaches a minimum value of 150 in the vicinity of the point in time when brakes are applied and do not 

25 fall to a value less than the reference value of 50. Therefore, the start of ABS control is not determined in this case. 

FIGs. 32A to 32C show variations with time in the wheel speed, the vehicle speed, the slip rate, and the braking 
torque gradient in the case where brakes are harshly applied such that wheel locking does not occur. In this case, even 
if there is a tendency for the sip rate to increase as a result of application of brakes which are harder than those in FIGs. 
31 A to 31C after a lapse of 2 sec, the friction torque gradient reaches a minimum value of about 1 10 in the vicinity of 

30 the point in time when brakes are applied and do not fall to a value less than the reference value of 50. Therefore, even 
in this case, the start of ABS control is not determined. 

FIGs. 33A to 33C show variations with time in the wheel speed, the vehicle speed, the slip rate, and the friction 
torque gradient in the case where brakes are harshly applied such that wheel locking occurs. In this case, the deference 
between the wheel speed and the vehicle speed increases at time 2.2 sec at which harsh brakes are applied, and the 

35 slip rate sharply increases. The friction torque gradient abruptly drops from the point in time at which the slip rate 
sharply increases and falls to a value smaller than the reference value of 50 from time t 1 . From FIGs. 33A to 33C, it is 
readily understood that wheel locking can be prevented even in a slip rate region where the wheels become locked, so 
long as, in practice, the braking forces are reduced from time tj. 

FIGs, 34A to 34C show variations with time in the wheel speed, the vehicle speed, the slip rate, and the friction 

40 torque gradient in the case where brakes are progressively applied so that wheel locking occurs. In this case, the sip 
rate gently increases after a lapse of 2.5 sec at which brakes are applied, and the slip rate sharply increases after a 
lapse of 3.2 sec. The friction torque gradient abruptly drops from the point in time at which the sip rate sharply 
increases and falls to a value smaller than the reference value of 50 from time t 2 . From FIGs. 34A to 34C, it is readily 
understood that wheel locking can be prevented even in the slip rate region where the wheels become locked, so long 

45 as, in practice, the braking forces are reduced from time t^ 

The results of the experiments shown in FIGs. 31 A to 34C show that the control start determination device 5 of the 
present embodiment correctly determines whether the wheel is locked or not by appropriately setting the reference 
value of the friction torque gradient, and correctly determines the starting point for ABS control immediately before 
wheel locking. 

so FIGs. 35A to 37B show the results of the experiments performed on a road having a low friction coefficient \i and a 
road having a medium friction coefficient ji with regard to the comparison between the control start determination 
method of the control start determination device of the embodiment and the control start determination method which 
uses the conventional wheel deceleration method 

FIGs. 35A and 35B show the behavior of front wheels when a braking torque of T b = 400 Nm is appOed stepwise 
55 on the road of low friction coefficient [l FIG. 35A shows variations with time in the wheel speed and the vehicle speed, 
and FIG. 35B shows variations with time in me friction torque gradent and the wheel deceleration. 

As shown in FIG. 35 A, the cGfference between the wheel speed and the vehicle speed (i.a. the slip speed) abruptly 
increases after a lapse of 1 sec. After this time, the wheel shifts to the region of slip speed where it may be locked. As 
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the sip speed increases, the friction torque gradient and the wheel deceleration shown in FIG. 35B decrease. As shown 
in FIG. 35B. the friction torque gradient drops to a value smaller than the reference value (50) at time Tj which lags 
behind time ^ at which the wheel deceleration drops to a value smaller than the reference vaJua In the present embod- 
iment, the ABS control is started at the time TV In the conventional technique, the ABS control is started at the time S^ 
s As is evident from FIGs. 35A and 35B, the start of ABS is determined before the occurrence of wheel locking in the 
present embodiment and the conventional technique. However, it is understood that the starting point for deceleration 
of braking force is determined at an unnecessarily early point in time in the conventional method. 

FIGs. 36A and 36B show the behavior of rear wheels when a braking torque of T b = 200 Nm is applied stepwise on 
the road of low friction coefficient u. FIG. 36A shows variations with time in the wheel speed and the vehicle speed, and 
w FIG. 36B shows variations with time in the friction torque gradient and the wheel deceleration. 

As shown in FIG. 36 A, the difference between the wheel speed and the vehicle speed gradually increases after a 
lapse of 1 sec, and this difference (i.e., the sip speed) abruptly increases from the vicinity of 2.2 sec. That is, after time 
2.2 sec the wheel shifts to the region of sip speed in which it may be locked. The friction torque gradient drops to a 
value smaller than the reference value (50) at time T 2 at which the wheel shifts to the region of slip speed, but the wheel 
75 deceleration speed does not decrease to a value smaller than the reference valua It is seen that under the conditions 
shewn in FIGs. 36A and 36B, the start of control is correctly determined in the present embocfiment before the wheel 
becomes locked, but the starting point for control is not correctly determined by the conventional method. 

FIGs. 37A and 37B show the behavior of front wheels when a braking torque of T b = 700 Nm is applied stepwise 
on the road of intermediate friction coefficient u. FIG. 37A shows variations with time in the wheel speed and the vehicle 
20 speed, and FIG. 37B shows variations with time in the friction torque gradient and the wheel deceleration. 

As shown in FIG. 37A, there arises a difference between the wheel speed and the vehicle speed immediately after 
a lapse of 1 sec. After this, this difference (i- e. , the slip speed) decreases. That is, there is no risk of wheel locking under 
these conditions. 

As shown in FIG. 37B, the friction torque gracSent still remains greater than the reference value (50) at the point in 
25 time when there arises a difference between the wheel speed and the vehicle speed. However, the wheel deceleration 
becomes smaller than the reference value at the point in time when there arises a cfifference between the wheel speed 
and the vehicle speed immediately after a lapse of 1 sec. That is, wheel locking does not occur under the concfitions 
shown in FIGs. 37A and 37B. However, although it is correctly determined that there is no risk of wheel locking in the 
present embodiment, the determination as to the starting point for control has already been made by the conventional 
30 method. 

The results of these experiments show that the starting point for control can be correctly and stably determined in 
the present embodiment regardless of the state of the road surface having a friction coefficient u or the degree of brak- 
ing action when compared with the conventional determination based on wheel deceleration, ft goes without saying that 
the determination method of the present embodiment yields the same superior effects as those produced when applied 
35 to ordinary ABS control even when it is applied to TRC or ABS control which excites the braking force in a very small 
amount 

THIRD ASPECT OF THE INVENTION: 

40 In reference to the accompanying drawings, an ernbodiment of an anti-lock brake controller in accordance with a 
third aspect of the present invention will be descrtoed in detail hereunder. 

FIG. 38 sen erratically shews a vehicle equipped with an anti-lock brake controller in accordance with the third 
aspect of the present invention. As shown in FIG. 38, the vehicle of the embodiment is comprised of hydraulic brake 
circuitry 99 equipped with a brake pedal 118, and wheel-speed sensors 10a, 10b, 10c, 10d respectively fitted to the 

45 front-left wheel (FL), the front-right wheel (FR), the rear-left wheel (RL) the rear-right wheel (RR) for sensing the rota- 
tional speed (i.e., the wheel speed) of the wheels. Brake fluid lines connected to the hydraulic brake circuitry 99 are 
each connected to wheel cylinders 144, 146, 156, 158 which apply brake pressure to respective brake disks 152, 154, 
156,158. 

The wheel-speed sensors 10a to 10d detect a physical quantity (such as pulse signals) corresponding to the wheel 
so speed or the vehicle speed based on the rotational position of the wheel sensed by a position sensor such as a pulse 
encoder or a pulse generator. So-called instantaneous-speed observer method may be employed in place of the above- 
described conventional method. In the instantaneous-speed observer method, the value of the position sensor is read 
at certain time intervals, and the wheel speed is obtained by the difference between a currerrtty-read value and a value 
read immediately before the current value. 
55 As described in detail in the pubfication ("Instantaneous-speed Observer with High-order Disturbance Compensa- 
tion Capability," Imano and Hon. Institute of Electrical Engineers, Proceed rigs D, Vol. 6, pg. 1 12, 1994), an observer 
(i.e., a status monitoring device) is formed on the basts of the dynamic model of a rotary body. Instantaneous speed is 
estimated from the duration of an interval between pulses through use of a position sensor. By means of this instanta- 
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neous-speed observer, instantaneous speed Is measured even when no pulse is received from the position sensor, tn 
the conventional method, a rotational position which is inherently a continuous quantity is detected in the form of dis- 
crete values specified by the resolving power of the position sensor, thereby resulting in time lag in the detected speed 
or quantize noise. The foregoing instantaneous-speed observer can prevent these problems. 

5 The ABS of the present embocGment is further comprised of ABS control means 300 which primarily effects anti- 
lock brake control by controlling the hydraulic brake circuitry 99; a front-left-(FL)-wheeJ braking-force instruction section 
314 and a front-right-(FR)-wheel braking-force instruction section 315 which estimate braking forces to be applied to 
the FR and FL wheels and output values corresponding to the thus-estimated braking forces in the form of instruction 
signals; a fronMeft-(FL)-wheel braking-force servo section 312 and a front-right-(FR)-wheel braking-force servo instruc- 

10 tion section 313 which output control signals in order to cause the braking force to be applied to one front wheel to follow 
the braking force instructed by the braking-force instruction section of the other front wheel; and a rear-left-(RL) wheel- 
speed servo section 321 and a rear-right-(RR) wheel-speed servo instruction section 322 which output control signals 
in order to cause the wheel speeds of the RL and RR wheels to follow the respective wheel speeds of the FL and FR 
wheels. 

is As shown in FIG. 40. braking-force servo means 312 and 313 are each comprised of a difference calculator 60 
which calculates the dfference between two input signals, a compensator 61 which calculates a torque instruction sig- 
nal P t (P t i . Pe. where t1 denotes the front left wheel, and e denotes the front right wheel) to be output to the ABS control 
means 300 so as to reduce the calculated difference to zero, and a braking-force estimating device 62 for estimating a 
braking force P f ' (Prf and Pf£) which acts on the front wheel (i.e.. the front left wheel or the front right wheel) as a reac- 

20 tion from the road surface. 

Braking-force instruction sections 31 5 and 31 4 are connected to the input terminals of the difference calculators 60 
of the braking-force servo means 31 2 and 31 3 of the front wheels in such a way that the braking-force servo means of 
one front wheel is connected to the braking-force instruction section of the other front wheel. Further, output terminals 
of the braking-force estimating devices 62 are also connected to the input terminals of the different calculation sections 

25 60. More specifically, each Difference calculation section 60 calculates the difference P f - Pf (i.e., P& - P f1 - P&) 
between the braking force P f (Pf 2 , Pfi) estimated by the braking-force instruction sections 315, 31 4 of the opposite front 
wheels and the braking force estimated by the braking-force esti m ating device 62. 

The output terminal of the compensator 61 is connected to ABS control means 300 and the braking-force estimat- 
ing device 62. The input terminal of the braking-force estimating device 62 is connected to either the wheel-speed sen- 

30 sor 10a of the FL wheel or the wheel-speed sensor 10b of the FR wheel. More specifically, the braking-force estimating 
device 62 estimates the braking force acting on each front wheel from the torque value P, acting on each front wheel 
and the wheel speed co* of each front wheel in accordance with a dynamic model expressed by Eq. 55. 

With the configuration in FIG. 40, the braking-force servo means 312 and 313 of the respective front wheels can 
carry out feed-back control (i.e., follow-up braking force control) so that the difference in braking force between one front 

35 wheel and the other front wheel becomes zero. 

As shown in FIG. 41, wheel-speed servo means 321 and 322 are each comprised of a difference calculator 63 
which calculates the oSfference between two input signals, a compensator 64 which calculates a torque instruction sig- 
nal P t (P e . P^ where 0 denotes the rear left wheel, and M denotes the rear right wheel) to be output to the ABS control 
means 10 so as to reduce the calculated difference to zero, and a braking-force estimating device 65 for estimating a 

40 braking force Pf (P e " and P^") which acts on the rear wheel (i.e., the rear left wheel or the rear right wheel) as a reac- 
tion from the road surface 

Input terminals of the difference calculation sections 63 of the wheel-speed turbo means 321 , 322 are connected 
to the rear wheel-sensor 10c, 10d of each rear wheel and the front wheel-sensor 10a, 10b of the corresponding front 
wheel on the same sida More specifically, the difference calculation sections 63 of the wheel-speed servo means 321 

45 and 322 respectively calculate the dfference (cd w1 - 0^3) between the wheel speed co w1 of the front left wheel and the 
wheel speed 0*3 of the rear left wheel and the c&fference (o^ - 0*4) between the wheel speed 00^2 of the front right 
wheel and the wheel speed of the rear right wheel. 

The output terminal of the compensator 64 is connected to the ABS control means 300 and the braking-force esti- 
mating device 65. The output terminal of the braking force estimating device 65 is connected to the compensator 64. 

50 This braking-force estimating device 65 estimates the braking force acting on each rear wheel from the torque value P t 
acting on each rear wheel and the input instantaneous wheel speed of each rear wheel in accordance with a 
dynamic model of the wheel. The thus-estimated braking force is then input to the compensator 64. tn acrordan^ 
the braking force estimated by the braking force estimating device 65, the compensator 64 calculates a torque instruc- 
tion value which reduces the difference in wheel speed between the rear wheels to zero. 

55 With the configuration in FIG. 41, the wheel-speed servo means 321 and 322 of the respective rear wheels can 
carry out feed-back control (i.e. , follow-up braking force control) so that the difference in braking force between one front 
wheel and the corresponding rear wheel becomes zero 

In a case where the estimating means for estimating the braking forces (e.g., the braking-force estimating device 
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and the braktngtace instruction section) to be used in the ABS shown in FIGs. 39 to 41 estimate the braking force in 
accordance with discrete pulse signals reflecting the wheel speed, it is desirable to use means, such as the above- 
described instantaneous speed observer, for est ima ting instantaneous braking forces even Airing the fane period over 
which there is not an input of pulse signals, through use of a dynamic model of a wheel. As a result the deterioration 

5 of the control performance arising from quantize errors is prevented. 

In reference to FIG. 39, the detailed configuration of the ABS control means 300 wiD be descrfoed. 
As shown in FIG. 39, the ABS control means 300 is comprised of braking-force instruction sections 346 and 351 
which convert the torque instruction signals and received from the braking-force servo means 312 and 313 into 
instruction signals to be sent to the control solenoid valves 134 and 132 which control the braking forces of the respec- 

10 tive wheels. More specifically, the torque instruction signal sent from the braking-force servo means is converted into a 
pressure-increase- or pressure-reduction-time instruction signal used when the control solenoid valves to be described 
later are connected to a high-pressure or low-pressure source. The braking^orce instruction sections 346 and 351 of 
the FL-wheel and the FR-wheel are connected to instruction changeover sections 349 and 354, respectively. 

The ABS control means 300 also comprises braking-force instruction sections 355 and 356 which convert the 

is torque instruction signals P G and received from the wheel-speed servo means 321 and 322 of the front wheels into 
instruction signals to be sent to the control solenoid valves 142 and 140 which control the braking forces to be applied 
to the rear wheels on the same side as those of the corresponding front wheels. That is, the torque instruction signal 
sent from the braking-force servo means is converted into a pressure-increase- or pressure-reduction-time instruction 
signal used when the control solenoid valves to be described later are connected to a high-pressure or low-pressure 

20 source 

This ABS control means 300 also comprises micro-excitation instruction sections 348 and 353. When the contf - 
tions to be satisfied to commence ABS control (i.e., ABS start concftons) are established, the micro-excitation instruc- 
tion sections 348 and 353 send, to the control solenoid valves 134 and 132 of the front left and right wheels, micro- 
excitation instructions P^ and P^ regarding very small excitation at the resonance frequency ^ of the vibration system 

25 composed of the road surface and the wheel. The ABS control means 300 is further provided with an FL-wheel ampli- 
tude detecting section 345 and an FR-wheel amplitude detecting section 350 for detecting amplitude values c\ j1 and 
ate of the very small excitation components of the resonance frequency f t included in the wheel speed caused by the 
very small excitation of the braking forces; and a FL-wheel braking-force-reduction instruction section 347 and a FR- 
wheel braking-force-reduction 352 for outputting braking-force reduction instructions Pn and P^ in order to reduce the 

30 braking forces when the micro-gains based on the amplitude values co ti1 and co^g become smaller than a predetermined 
value. 

The amplitude detecting sections 345 and 350 having the elements and functions as shown in FIG 14. The ampli- 
tude detecting sections 345 and 350 detect only the components of the resonance frequency f 1 of the wheel speed 
when the tire is gripping and convert the thus-detected components into DC signals to be output. Consequently, the co ti1 

35 and oofcg detected by the amplitude detecting sections 345 and 350 are amplitude values of the resonance frequency f-i 
of the speeds of the front and right wheels. 

The braking-force reduction instruction sections 347 and 352 are each comprised of: e.g., the computation section 
269 which calculates the micro-gain (g^, g^, La, the ratio of the value ©a (o^, cd^) detected by the amplitude 
detecting sections 345 and 350 to the micro-brakincrforce-excftat^ amplitude instruction P v (P v1 . P^, as does the 

40 braking-force reduction instruction computation section 250 shown in FIG. 29; the PI controller 270 for calculating a 
reduced braking force by proportional-integral control through use of a difference, g<j - g* between the micro-gain 
and a reference value a proportional gain Gp^, and an integral gain G^ ; and the posrtive-value-eliminating section 
272 which adopts only negative values by eliminating positive values in order to prevent the braking force from being 
applied to such an extent as to exceed the braking force P d given by the driver and outputs the negative values in the 

45 form of a braking-force reduction instruction signal P r (P^, P^. The braking-force reduction instruction sections 347 
and 352 may be formed as circuitry which increases or decreases the braking force so as to follow the peak friction 
coefficient \l With the foregoing circuit configuration, the instruction signal P r may include a braking-force increase 
instruction. 

As shown in FIG. 39, the braking-force reduction instruction sections 47 and 52 are connected to the instruction 
so changeover sections 349 and 354, respectively. An instruction signal P b1 which is the sum of the braking-force reduc- 
tion instruction P^ and the rrtcro-excitation instruction P^ , and an instruction signal P^ which is the sum of the brak- 
ing-force reduction instruction P M and the micro-excitation instruction P^ are input to the respective control solenoid 
valves 134 and 132 via the instruction changeover sections 349 and 354. 

If the micro-gain is greater than the reference value g^; namely, if the value detected when the braking force 
55 is excited by the micro-brakir^force-excftation ampfitude instruction signal P v is greater than a reference value geP v 
(where is a rotational speed and its unit is [radfe], P v is pressure or torque and its unit is [Pa] or [NmD, the braking- 
force reduction instruction sections 347 and 352 maintain a mean braking force P m by assuming that the tire is gripping. 
To the contrary, if the micro-gain gj is smaller than the reference value gg; La, if the value (^detected when the braking 
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force is excited by the miao4xaking-16rce-^crtation amplitude instruction signal P v is smaller than the reference value 
ggP^ it means that the friction confident u has moved to the position immediately before the peak value, so the mean 
braking force P m is reduced (ABS control using very small excitation). The ABS may be arranged so as to effect stable 
braking action with the minimum braking distance by increasing the braking force so as to approach to the peak friction 
5 coefficient u regardless of the driver's depressing force if the braking force has become distant from the peak friction 
coefficient jj_ 

The instruction changeover sections 349 and 354 in FIG. 39 output either the instruction signals from the braking- 
face instruction sections 346 and 351 or addition-instructjon signals P b1 and P^ to the control solenoid valves 134 and 
132. More specifically, in the ABS control mode, the front left and front right wheels are switched to either control in 
10 which the braking force of one front wheel follows the braking force of the other front wheel by the braking-force servo 
means 312 and 313 or the previously-described ABS control in which the braking force is excited in a very small 
amount Here, it is prohbrted that both front wheels are simultaneously brought into the braking-force follow-up control 
mode. 

Each of the constituent elements of the ABS control means 300 is connected to a main control section 11 which 
is controls and manages the overall ABS system This main control section 11 is connected to a changeover solenoid 
valve of the hydraulic brake circuitry 99. In accordance with the ABS starting conditions, the main control section 1 1 
switches the hydraulic brake circuitry 99 between the ABS mode or the non-ABS mode. Though not shown in the draw- 
ing, the main control section 11 is also connected to the wheel-speed sensors 10a, 10b, 10c, 10d and is capable of 
sensing the wheel deceleration or sip rate of each wheel in accordance with an input wheel speed. 
20 The braking-force reduction instructions P M and P^ of the braking-force reduction instruction sections 347 and 352 
are input to the braking-force instruction sections 314 and 315. The braking-force instruction sections 314 and 315 
sense the braking torque acting on the respective wheels in accordance with the received braking-force reduction 
instruction signals. In accordance with the dynamic model of the wheel (Eq. 55), the braking-force instruction sections 
31 4 and 315 estimate the braking forces of the respective front wheels from the detected braking torque and the wheel 
25 speed. The thus-estimated braking forces are output to the front wheels in the form of instruction signals in such a way 
that the estimated braking force of one front wheel is sent to the other front wheel in the form of an instruction signal. 
FIG. 9 shows an example of the configuration of the hydraulic brake circuitry 99. 

With this configuration, the valves SFL, SFR, SRL, SRR regulate the ratio of the release time of the pressure- 
increase valve to the release time of the pressure-reduction valve in accordance with the instruction signals from the 
30 ABS control means 300. As a result, the braking force applied to each wheel cylinder can be controlled. To retain the 
braking force, each of the solenoid valves is controlled so as to close both the pressure-increase valve and the pres- 
sure-reduction valve. If the switching between the pressure-increase, pressure-reduction, and pressure-retaining oper- 
ations is carried out at the same frequency as the resonance frequency f 1( the braking force can be excited in a very 
small amount 

35 With reference to a flowchart in FIG. 42, the processing of the ABS in accordance with the third aspect of the inven- 
tion will be described. 

First, as shown in the flowchart in FIG. 42, it is determined whether or not the ABS starting conditions are estab- 
lished (step 400). If the brake pedal 1 18 is depressed, and if the wheel deceleration is smaller than a predetermined 
negative value (-a), it is determined that the ABS starting conditions are established. 
40 If the ABS starting conditions are estabfished (YES in step 400), the changeover solenoid valves are switched to 
the ABS mode (step 402). In short, the ports of the valves SA1 and SA2 connected to the master-pressure line are 
closed, whereby the ports of the same connected to the valves SFL and SFR are opened. Further, the port of the valve 
SA3 connected to the master-pressure line 166 is opened, and whereas the port of the same connected to the booster 
line 168 is opened. 

45 It is determined whether or not there is a difference between the friction coefficient n of the left-side road surface 
portion and the friction coefficient n of the right-side road surface portion in the direction in which the wheel rotates (step 
404). In the present embodiment, the cfifference in friction coefficient n between the left-side road surface portion and 
the right-side road surface portion is represented as | Aji | (| m - ji 2 1; 1 1 denotes the absolute value). To obtain the fric- 
tion coefficient \i of each of the right-side road surface portion and the left-side road surface portion, the value of the 

so friction coefficient \i corresponding to the calculated slip rate on the basis of the relationship between the slip rate and 
the value of the friction coefficient \i shown in FIG. 12. Alternatively, the difference between the left-side road surface 
portion and the right-side road surface portion may be obtained with regard to the physical quantity associated with the 
value of the friction coefficient \i (such as the wheel deceleration, the slip rate, or the slip speed). 

Subsequently, it is determined whether or not the cfifference in friction coefficient u between the left-side road sur- 

55 face portion and the right-side road surface portion; La, | Au |, or the difference between the physical quantities asso- 
ciated with the friction coefficient u, is greater than the reference value G (G>0) (step 406). The reference value G is 
previously obtained as the reference value for | Ap. | which would be determined to afford differing motion characteristics 
at the right and left road portions. In a case where the physical quantities associated with the friction coefficient u are 
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used, the reference value G will be determined for each of the physical quantities. 

H | A*i | ts greater than the reference value G (YES in step 406), ABS control is effected by exciting the braking force 
to be applied to the front wheel on the road having the low friction coefficient \i (i.e., a lcw-n road) (step 408). For exam- 
ple, as shown in FIG. 43, in the case of a split road consisting of a left-side road portion having a tow friction coefficient 

5 uanda right-side road portion having a high friction coefficient u (i a, m < H2). ABS control is effected by exciting the 
braking force to be appGed to the left front wheel in a very small amount At this time, the micro-excitation instruction 
section 348 in FIG. 39 outputs a micro-excitation instruction signal, and the instruction changeover section 349 in FIG. 
39 switches the line to a line over which the instruction P b1 is transmitted to the valve SFL When the front left wheel 
shifts to a locked state, the value co^ detected by the amplitude detecting section 345 is reduced. As a result the brak- 

10 ing-force reduction instruction section 347 outputs the braking-force reduction instruction signal, whereby the braking 
force is reduced, and the left front wheel is prevented from becoming locked. 

As descrfoed above, the front wheel on the road surface having a low friction coefficient \i is excited in a very small 
amount by ABS control, and the braking force acting on the front wheel on the road surface having a high friction coef- 
ficient u ts controlled so as to follow the braking force acting on the front wheel on the road surface having a lew friction 

15 coefficient \i (step 410). In the example shown in FIG. 43, the braking force acting on the right front wheel is controlled 
so as to follow the braking force acting on the left front wheel. At this time, the instruction changeover section 354 in 
FIG. 39 switches the torque instruction sip/ial from the braking-force servo means 313 so as to be output to the valve 
SFR, whereby the braking-force instruction section 314 estim ates the braking force acting on the left front wheel. The 
thus-estimated braking force is transmitted to the braking-force servo means 313 of the front right wheel in the form of 

20 a braking-force instruction. The braking-force servo means 313 of the front right wheel performs feed-back control so 
that the difference between the braking force acting on the left front wheel and the braking-force instruction received 
from the front right wheel becomes zero. 

In this way, the braking force acting on the wheel on the road having a high friction coefficient \i is controlled so as 
to follow the braking force acting on the wheel on the road having a low friction coefficient u, the wheels can be reliably 

25 prevented from becoming locked without the micro-excitation ABS control. Further, even when the vehicle travels on the 
split road which affords differing coefficients of friction u at the left-side and right-side road portions, the braking forces 
acting on the front wheels agree with each other, enabling prevention of vehicle instability. 

Then, the wheel speeds of the rear wheels are controlled so as to follow the wheel speeds of the front wheels (step 
41 2). In this case, the wheel speeds sensed by the wheel-speed sensors 1 0a and 10b of the front wheels are trartsmit- 

30 ted to the wheel-speed servo means 321 and 322 as the wheel-speed instructions. The wheel-speed servo means 321 
and 322 perform feed-back control so as to reduce to zero the difference between the speeds of the rear-wheels sensed 
by the rear wheel-speed sensors 10c and 10d and the wheel-speed instructions from the front wheels. 

As described above, the speed of the left rear wheel agrees with the speed of the left front wheel, whereas the 
speed of the right rear wheel agrees with the speed of the right front wheel. Therefore, the front and rear wheels on the 

35 same side are controlled so as to have the same slip rate, whereby the front wheels and the rear wheels can be pre- 
vented from becoming locked. In this case, the rear wheels are not excited at all. Therefore, in a case where the rear 
wheels are drive wheels, interference is prevented which would otherwise be caused by transmission of very small exci- 
tation components between the rear wheels through a drive shaft 

In contrast, rf | Aji | i.e., the difference in friction coefficient \i between the left-side road portion and the right-side 

40 road portion, or the physical quantity associated with the friction coefficient u obtained in step 404 is smaller than the 
reference value G (NO in step 406), ABS control is effected by exciting in a very small amount the braking forces acting 
on the front wheels (step 414). As in the case of step 412, the speeds of the rear wheels are controlled so as to follow 
the speeds of the front wheels (step 416). If there is no difference in the friction coefficient \i between the left-side and 
right-side road portions, both of the front wheels are excited in a very small amount and the braking force acting on one 

45 front wheel is not controlled so as to follow the braking force acting on the other front wheel. Even in this case, the 
wheels can be prevented from becoming locked, and interference between the right and left rear wheels can be pre- 
vented. 

During the course of the above-described control of each wheel, it is determined whether or not ABS starting con- 
ditions are established (step 418). H the conditions are established (YES in step 418), the processing then returns to 

so step 404, and the similar processing is repeated. In contrast, if the ABS starting conditions are not established (NO in 
step 418), the changeover solenoid valves are switched to the non-ABS mode so that braking action can be effected 
under the ordinary master pressura The processing then returns to step 400, and the ABS controller remains in a 
standby state unto the ABS staring conditions are established. 

rt is also possfcle to employ the slip rate of the rear wheel to the front wheel as the reference value for wheel-speed 

55 follow-up control in place of the wheel speed as it is used in the present embodiment (La, slip-rate follow-up control). 
However, this method suffers the following problems in comparison with the wheel-speed follow-up control of the 
present embodiment 
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<D Calculation of the sip rate requires computation time and memory. 

@ The accuracy of computation becomes deteriorated as the speed of the wheel becomes stow, and hence the 
control performance becomes deteriorated at a low speed. 

s More specifically, the slip rate SP of the wheel speed VR of the rear wheel to the wheel speed VF of the front wheel 
is given by 

SP = (VR - VFJ/VF = (VR/VF - 1) . 

10 The wheel speed is usually calculated with a finite word length. For this reason, the result of computation of the wheel 
speed includes quantize errors, as well as observation errors due to the resolving power of the wheel-speed sensor. 
Given that the errors of the speeds of the front wheels are grouped together as AVF and the errors of the speeds of the 
rear wheels are grouped together as AVR, the actual sip rate SP is given by 

' 5 Qp VR+AVR 1 



Assuming that AVF is sufficiently smaller than VF, the sfip rate can be approximated as 

20 

«p VR + AVR f- AVF ) 1 VR + AVfl AVF( VR + AVR) 
VF * V' VF) VF ' VF- VF 



25 Accordingly, the result of computation of the sip rate includes errors as defined by 

ACO AVR AVF(VR + AVR) 
ASP= TF VF-VF 

30 

Rom this equation, as the wheel speed becomes slow, the denominator of ASP becomes smaller, eventually resulting 
in an increase in ASP. More specifically, the accuracy of computation of the slip rate at a low speed can be deteriorated. 

In contrast if the wheel speed is directly controlled as is in the wheel-speed follow-up control of the present embod- 
iment, the foregoing problems associated with the slip-rate follow-up control can be prevented, enabling superior ABS 
35 control at a low speed. 

Although the ABS of the present embedment in accordance with the third aspect of the invention has been 
described above, the present invention is not limited to this illustrative embodiment. For example, the rrecro-excitation 
ABS control described in the embodiment is not Bmrted to the example of control described above. The present inven- 
tion can be applied to all the other types of ABS control in which the braking force is controlled so as to follow the peak 
40 friction coefficient \i by detecting variations in the oscillation characteristics of the speed of the wheel excited in a very 
small amount 

In the above-described embodiment, ABS control is effected by oscillating at least one of the two front wheels in a 
very small amount and the rear wheels are controlled so that the speed of the rear wheels follow the speed of the front 
wheels. However, ABS control may be effected by exciting the rear wheels in a very small amount and the front wheels 

45 are controlled so that the speed of the front wheels follows the speed of the rear wheels. 

The method of determining the friction coefficient ji of each of the left-side and right-side road portions performed 
in step 404 in FIG. 42 is not limited to the foregoing exampla ft is also posstole to excite the left and right wheels in a 
very small amount at a predetermined cycle and to calculate the difference in the friction coefficient ji, or the difference 
in the physical quantities associated with the friction coefficient ji, between the right-side and left-side portions, based 

so on the difference between the right and left wheels in terms of resonant characteristic of the wheel speed. 

The braking-force follow-up control and the wheel-speed foOow-up control of the present embodiment can be incfi- 
vidually executed. More specifically, if the difference in the friction coefficient \i between the left-side portion and right- 
side portion exceeds the reference value, ABS control may be effected by exciting in a very small amount the two 
wheels on the road portion having a low friction coefficient \u and the other pair of two wheels may be subjected to the 

55 braking-force follow-up control. Further, ABS control may be effected by exciting either the reference two wheels of the 
front or rear wheels, and the other two wheels may be subjected to the wheel-speed follow-up control. 
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FOURTH ASPECT OF THE INVENTION: 

Embodiments of the wheel-behavior-quantity servo control system in accordance with the fourth aspect of the 
present invention will be described in detail with reference to the accompanying drawings. This wheel-behavior-quantity 
s servo control system is applied to vehicles and is arranged as a servo controller which can cause the friction torque to 
follow the maximum value by controlling the quantity of behavior of the vehicle so as to follow a target value. 

[FIRST EMBODIMENT OF THE FOURTH ASPECT] 

w FIG. 45 is a block diagram showing the conf iguration of a wheel deceleration servo controller to which the wheel- 
behavior-quantity servo controller of the present invention is applied. 

As shewn in the drawing, the wheel deceleration servo controller of the first embodiment is comprised of a decel- 
eration sensing section 52' for sensing the wheel deceleration from the speed of a wheel (hereinafter referred to as a 
wheel speed), a braking torque sensing section 51* for sensing the braking torque acting on the wheel, a limit determi- 

15 nation device 410a for determining the limit of the characteristics of the friction torque between the wheel and the road 
surface in accordance with the thus-sensed wheel deceleration and the braking torque, a target deceleration calculation 
section 41 6 which sets an ordinary target value (i.e., target deceleration) of the wheel deceleration and changes the tar- 
get deceleration used for causing the friction torque to follow the maximum value when the limit point is determined, a 
difference calculation device 418 which calculates a difference by subtracting detected wheel deceleration from the cal- 

20 culated target deceleration, a deceleration servo calculation section 420 for calculating the operation amount (i.e., the 
amount of ABS control operation) used for reducing the thus-calculated difference to zero, and an ABS actuator 422 for 
actuating the control valve 423 in order to attain the amount of ABS control operation calculated by the deceleration 
servo calculation section 420. These elements are controlled at given intervals by an unillustrated control section every 
control step. 

25 Of these elements, a control valve 423 of each wheel which constitutes the ABS actuator 422 is connected to a 
master cylinder 427 via a pressure-increase valve 425, as wefl as to a reservoir 428 which serves as a low-pressure 
source via a pressure-reduction valve 426. A wheel cylinder 424 of each wheel is connected to the control valve 423 for 
applying the brake pressure received via the control valve to the disc brake of each wheel. The ABS actuator 422 opens 
or closes the pressure-increase valve 425 and the pressure-reduction valve 426 in accordance with the amount of ABS 

30 operation. 

When the control valve 423 is controlled so as to open only the pressure-increase valve 425, the oil pressure (i.e., 
the pressure in the wheel cylinder) in the wheel cylinder 424 is increased to the same level as the oil pressure in a mas- 
ter cylinder 427 (i.e., the pressure in the master cylinder) which is proportional to the pressure corresponding to the 
depression of the pedal given by the driver. Conversely, if the control valve 423 is controlled so as to open only the pres- 
35 sure-reduction valve 426, the pressure in the wheel cylinder decreases to the same level as the pressure in the reser- 
voir 428 under approximately atmospheric pressure (i.e., pressure in a reservoir), ff the control valve 423 is controlled 
so as to close both valves 425 and 426, the pressure in the wheel cylinder is maintained. 

The mean braking force (corresponding to the pressure in the wheel cylinder) to be applied to the brake disc by the 
wheel cylinder 424 is determined by the ratio between pressure-increase time during which high oil pressure is supplied 
40 from the master cylinder 427, pressure-reduction time during which low pressure on is supplied from the reservoir 428, 
and retaining time during which supplied oO pressure is retained; by the pressure in the master cylinder sensed by the 
pressure sensor; and by the value of the pressure in the reservoir 428. 

Accordingly, the ABS actuator 422 can produce braking torque (i.e., the pressure in the wheel cylinder) correspond- 
ing to the operation amount of the ABS by controlling the pressure-increase time or pressure-reduction time of the con- 
45 trol valve 423 in accordance with the pressure in the master cylinder. 

The wheel deceleration sensing section 52' can be implemented as a fflter for deriving the wheel deceleration y t of 
the i-th wheel ( i = 1, 2, 3, 4 ...) by subjecting to the formula the wheel speed signal of the i^h wheel sensed by the 
wheel-speed sensor 430 attached to each wheel. However, this has already been described in the first aspect of the 
present invention, and hence its explanation will be omitted. 
so The braking torque sensing section 51 ' senses the pressure in the wheel cylinder of each wheel and calculates and 
outputs braking torque of each wheel by multiplying the sensed wheel cylinder pressure by a given constant 

The deceleration servo calculation section 420 can be implemented as so-called PI controller for calculating and 
outputting the amount of ABS operation which reduces the difference between the calculated target deceleration and 
the sensed wheel deceleration to zero; namely, the amount of ABS operation for each wheel in order to cause the wheel 
55 deceleration to follow the target deceleration. 

The operation of the wheel deceleration servo controller of the first embedment of the fourth aspect of the invention 
will be desenbed. 

Assuming that a vehicle equipped with the wheel deceleration servo controller of the embodiment travels over the 
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road surface having the characteristics of friction torque as shown In FIG. 50. 

When it is determined that the wheel deceleration sensed by the wheel deceleration sensing section 52* exceeds 
the reference value (ag., 40 radfe 2 ). the limit determination device 410a determines whether or not the following For- 
mula holds for each wheel. 

y > >b (63) 

where "y" denotes the wheel deceleration at this point in time which was sensed by the wheel deceleration sensing sec- 
tion 52*. and y 0 represents wheel deceleration obtained by substitution of the braking torque sensed by the braking 
torque sensing section 51 ' into Equation (58) which is obtained by assuming that the slip speed is constant in the state 
of equilibrium while the wheel deceleration is approaching the target value. 

In the case where Eq. (63) holds; namely, where Eq. (58) does not hold, the characteristics of the friction torque 
are beyond the saturation in FIG. 50, and hence the characteristics of the braking torque are determined to reach the 
limit In contrast in the case where Eq. (63) does not hold; namely, where Eq. (58) holds, the characteristics of the fric- 
tion torque are determined to not to reach the limit (not beyond the saturation point in FIG. 50). The result of determi- 
nation of the limit made for each wheel is output to the target deceleration calculation section 416. 

Variations in the characteristics of the friction torque betoe and after me saturation point ^ hob even 

in the case of the characteristics of friction torque shown in FIGs. 49A and 49B. Consequently, the limit of the charac- 
teristics of the braking torque can be determined with a high degree of accuracy by Eq. (63) regardless of the state of 
the road surface. 

With regard to the wheels whose friction torque characteristics have been determined to become unsaturated by 
the fimrt determination device 410a. the target deceleration calculation section 416 calculates ordinary target deceler- 
ation corresponding to the pressure in the master cylinder which in turn corresponds to the operation amount of the 
driver (i.e., the amount of depression of the brake pedal). The result of such calculation is output as the target deceler- 
ation. For example, this target deceleration can be handled as wheel deceleration substantially proportional to the pres- 
sure in the master cylinder. 

The deceleration servo calculation section 420 calculates the braking torque which reduces the difference between 
the sensed wheel deceleration and the target deceleration to zero. The ABS actuator 422 controls the pressure- 
increase time or the pressure-reduction time of the control valve 423 in such a way as to effect the braking torque. As 
a result of this target follow-up control, the deceleration is controlled so as to change in response to the pressure in the 
master cylinder which is equal to the amount of the driver's operation, enabling deceleration control responsive to the 
driver's action. 

In contrast if the limit determination device 41 0a determines that the characteristics of friction torque of at least one 
wheel (hereinafter referred to as the i-th wheel) are saturated, the target deceleration calculation section 41 6 calculates 
target deceleration to be set in the following manner. 

Assuming that T^ represents the friction torque of the i-th wheel actually detected at the point in time when it is 
determined that the characteristics of the friction torque reach the limit, and y Mti represents the sensed deceleration of 
the i-th wheel, the characteristics of the braking torque at this point in time are represented by a point A in FIG. 50. ft is 
seen that the deceleration y^ at the point A is greater than the wheel deceleration y mj (a dotted portion of the line L) 
obtained by substitution of the braking torque T^^ into Eq. (58), and therefore Eq. (63) holds. 

The target deceleration calculation section 41 6 calculates the friction torque F^ of the i-th wheel at the point A as 
follows through use of Eq. (60). 

F BBti = ' J * yBZti+ T bB^ (64) 

The target deceleration y^ of the i-th wheel in order to maintain the slip speed in the state of equGbrium (d>o/tf t = 
0) with the calculated friction torque F^ is set as follows through use of Eq. (12) 

JW= J<A-0F — (65) 



At this time, the braking torque of the i-th wheel is expressed by the following Formula. 

For example, when setting the target deceleration y^, the target deceleration calculation section 416 may be 
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arranged so as to reduce the target deceleration at given intervals every control step until the braking torque agrees 
with Tboptj by subtracting a value corresponding to the cfifference between the sensed braking torque T^^ and 
obtained by Eq. (66) from the ordinary target deceleration corresponding to the pressure in the master cylinder at the 
present tima As a result the target deceleration y^ is finally set whereby the deceleration of the i-th wheel follows 

5 the yoopti- For the wheels that have been determined not to exceed the saturation point, the deceleration of the wheels 
follow ordinary target deceleration. 

Although the point A in FIG. 50 is slightly beyond the saturation point, the friction torque is maintained substantially 
constant even when the torque is slightly beyond the saturation point (the point in the region A2 in FIGs. 49A and 49B) 
as shown in the characteristics of the braking torque in FIGs. 49A and 49B. Therefore, the friction torque at the 

10 point A represented by Eq. (64) can be deemed as substantially the maximum value of the friction torqua As shown in 
FIG. 50. the deceleration at the saturation point can be deemed as yo^ defined by Eq. (65), and the braking torque at 
the saturation point can be deemed as T^pH defined by Eq. (66), whereby the friction torque of the i-th wheel can follow 
the maximum valua 

In this embodiment the limit of the characteristics of the friction torque can be correctly determined with a high 
75 degree of accuracy regardless of the state of the road surface, and the friction torque is controlled so as to follow the 
maximum value if the characteristics of the friction torque are determined to exceed the limit. Therefore, stable control 
can be effected even on the road surface in which the characteristics of the friction torque significantly change at the 
saturation point which makes it possftxe to ensure prevention of wheel locking. 

20 [SECOND EMBODIMENT OF THE FOURTH ASPECT] 

In reference to FIG. 46, the configuration of the wheel-behavior-quantrty servo controller according to a second 
embodiment in accordance with the fourth aspect of the invention will be descrfoed. The elements which are the same 
as those in the f irst embodiment will be assigned the same reference numeral. 

25 As shown in FIG. 46, the whee!4>eha\rtor-quantjty servo controller of the second embedment is comprised of a 
wheel-behavior-quantity sensing section 432 for sensing the quantity of behavior of each wheel; a braking torque-gra- 
dient calculation section 440 which estimates and calculates the braking torque gradient in accordance with the time- 
series data concerning the braking torque sensed by the braking torque sensing section 51' and the time-series data 
concerning the wheel deceleration sensed by the deceleration sensing section 52'; a determination section 442 which 

30 determines the limit point of the characteristics of the friction torque in accordance with the friction torque gradient; a 
target behavior-quantity calculation section 434 which calculates an ordinary target value regarding the quantity of vehi- 
cle behavior (i.e., the target quantity of behavior), and which calculates a target behavior-quantity for causing the cal- 
culated friction torque gradient to follow the target value when the determination section 442 determines the limit point; 
a behavior-quantity servo calculation section 436 which calculates the amount of ABS operation to reduce to zero the 

35 difference between the calculated target behavior-quantity and the sensed wheel-behavior-quantity; and an ABS actu- 
ator 422 for actuating control valves (23 in FIG. 45) so as to effect the amount of ABS operation calculated by the behav- 
ior-quantity servo calculation section 436. These elements are controlled at given intervals every control step. 

In addition to the deceleration used in the first embodiment the wheel-behavior-quantity sensing section 432 can 
employ, eg., a slip rate and a slip speed as the quantity of behavior of the wheel. The slip rate and the slip speed are 

40 calculated in the following manner. 



45 



p v -ui, 



(67) 
(68) 



where 

ki: slip rate of the nth wheel; 
Ao| : slip speed of the i-th wheel; 

©v : vehicle speed (corresponding to an angular velocity); and 
©j : speed of the kh wheel. 

The limit determination device 410b is made up of the friction torque-gracGertt computation section 440 and the 
determination section 442. In a case where the wfieel-befravior-quantrty sensing section 432 detects the wheel decel- 
eration as the quantity of wheel behavior, the wheel-behavior-quantity sensing section 432 and the wheel deceleration 
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sensing section 52* are assembled into one unit 

The operation of the second embodiment of the fourth aspect of the invention will be described. 
The friction torque-gradient calculation section 440 of the second embodiment appfies to Eq. (17) the time-series 
data JJji concerning the braking torque sampled at predetermined sampling intervals % and the time-series data yQ Q 

5 = 1, 2, 3. ...) concerning the deceleration similarly sampled at predetermined sampfing intervals x. The gratient kj of 
friction torque of the i-th wheel is estimated and calculated by applying the on-One system identification method to each 
item of the data obtained from Eq. (17). The thus-calculated data are output to the determination section 442. 

The determination section 442 determines the Dmrt of the characteristics of the friction torque by the comparison 
between the estimated gradient kj of friction torque of the i-th wheel and the preset reference friction torque gradient 

io (e.g., 100 Nms/m). For example, if the gradient k, of friction torque is greater than the reference friction torque gradient, 
the determination section 442 determines that the characteristics of the friction torque do not reach the limit. In contrast, 
if the gradient kj of friction torque is smaller than the reference friction torque gradient, the determination section 442 
determines that the characteristics of the friction torque reach the Bmrt 

As shown in FIG. 49B, in the case of the road surface in which the friction torque gradient significantly changes 

15 when the characteristics of the friction torque exceed the limit point, the gradient kj of friction torque becomes suddenly 
smaller than the reference friction torque gradient in the vicinity of the Emit point Therefore, the limit point can be deter- 
mined with a high degree of accuracy. Further, as shown in FIG. 49A, in the case of the road surface having the ordinary 
characteristics of the friction torque, the gradient kj of friction torque becomes small in the vicinity of the limit point. 
Therefore, the limit point can be determined with a high degree of accuracy. 

20 If the characteristics of friction torque of the i-th wheel are determined to reach the limit, the target behavior-quantity 
calculation section 434 calculates a target quantity of behavior of the wheel -behavior-quantity regarding the i-th wheel 
which causes the estimated gradient kj of friction torque of the i-th wheel to follow a target value (zero if the friction 
torque follows the maximum value). Particularly, rf the friction torque gradient becomes negative, it is necessary to 
return the friction torque gradient to the positive region immediately, lb this end, the set target deceleration is subtracted 

25 at every control step from the current value by a comparatively large value corresponding to the difference between the 
friction torque gradient and the reference friction torque gradient in every control step. When the friction torque gradient 
is in the positive region, target deceleration for causing the friction torque gradient to match the reference value is cal- 
culated for control safety by, ag, PI control. 

The behavior-quantity servo calculation section 436 calculates the amount of ABS operation for reducing to zero 

30 the difference between the calculated target amount of behavior and the detected amount of behavior of the wheel. The 
ABS actuator 422 actuates the control valves so as to effect the calculated amount of ABS operation, whereby the fric- 
tion torque is controlled so as to follow the peak value. 

In contrast, if the characteristics of friction torque are determined not to reach the limit, the target behavior-quantity 
calculation section 434 calculates an ordinary target quantity of behavior corresponding to the pressure in the master 

35 cylinder which is the quantity of the driver's operation. As a result the friction torque is controlled so as to follow the 
target value responsive to the driver's action. 

In this embodiment, the limit of the characteristics of the friction torque can be correctly determined with a high 
degree of accuracy regardless of the state of the road surface, and the friction torque is controlled so as to follow the 
maximum value rf the characteristics of the friction torque are determined to exceed the Bmrt. Therefore, stable control 

40 can be effected even on the road surface in which the characteristics of the friction torque significantly change at the 
saturation point, which makes it possible to ensure prevention of wheel locking. 

[THIRD EMBODIMENT OF THE FOURTH ASPECT] 

45 In reference to FIG. 47, the configuration of the wheel-behavior-quantity servo controller according to a third 
embodiment in accordance with the fourth aspect of the invention will be described. The elements which are the same 
as those in the first and second embodments will be assigned the same reference numeral. 

As shown in FIG. 47, in the wheel -behavior-quantity servo controller, a wheel-speed sensor 430 of each wheel is 
connected to a friction torque-gradient calculation section 441 of the limit determination means 410c. This friction 

so torque-gradient calculation section 441 estimates the friction torque gradient in accordance with the time-series data 
concerning the speed of each wheel sensed at predetermined sampling intervals x by the wheel-speed sensor 430. The 
determination section 442 is connected to the friction torque-gradient calculation section 441 and determines the limit 
of the characteristics of friction torque in accordance with the estimated friction torque {padient In other respects, the 
wheel-behavior-quantity servo controller is the same as that in the second embodiment 

55 The operation of the wheel-behavior-quantity servo controller of the third embodiment of the fourth aspect of the 
invention will be described. 

The friction torque-gradient calculation section 441 of the third embodiment estimates and calculates the time- 
series data concerning the gradient kj of the friction torque of the i-th wheel by repeatedly executing operations defined 
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in step 1 and 2 of Equations (9) to (11) through use of the time-series data ©Jj] Q = 0. 1, 2, ...) concerning the wheel 
speed sensed at sampling intervals t. 

The determination section 442 determines the limit of the characteristics of the friction torque by the comparison 
between the estimated gradient kj of friction torque of the Mh wheel and the preset reference friction torque gradient 
5 (ag., 1 00 Nms/m). The processing subsequent to this step is the same as that in the second embodiment, and hence 
its explanation wiD be omitted. 

Even in this embodiment the friction torque gradient is estimated, and the Omit of the characteristics of the friction 
torque are determined with a high degree of accuracy in accordance with the friction torque gradient. Therefore, the 
same effects as those yielded in the second embodiment win be obtained in this embodiment 

w 

[FOURTH EMBODIMENT OF THE FOURTH ASPECT] 

In reference to FIG. 48, the configuration of the wheel-behavtor-quarrtrty servo controller according to a fourth 
embodiment in accordance with the fourth aspect of the invention will be descrfoed. The elements which are the same 
is as those in the first through third embodiments will be assigned the same reference numeral. 

As shown in FIG. 48, the ABS actuator 422 of the wheel -behavior-quantity servo controller according to the fourth 
embodiment is connected to a micro-excitation instruction section 458 for sending the rricro-braking-force-excitation 
instruction. When the brake pedal is depressed, and when the wheel deceleration exceeds the certain reference value, 
this micro-excitation instruction section 458 sends an instruction to the ABS actuator 422, so that very small amount of 
20 amplification P v is imparted to the mean braking force (i.e., the pressure in the wheel cylinder) at the resonance fre- 
quency ©oo (see Eq. 30) of the vforation system consisting of the vehicle body, wheel, and the road surface. 

The braking force can be excited in a very small amount by increasing or decreasing the pressure with period city 
corresponding to the resonance frequency simultaneously with the control for increasing/reducing the pressure in the 
control valve 23 in order to produce the mean braking force. More specifically, as shewn in Fig. 15, the switching 
25 between a pressure-increase mode and a pressure-reduction mode is carried out every 1/2 which is half the cycle of 
the minute excitation (ag., 24 ms). Rom the instant of switching of the mode, a pressure-increase instruction signal is 
output to the valve for a period of pressure-increase time % and a pressure-reduction instruction signal is output to the 
valve during the period of pressure-reduction time V During the period of the remaining time, a hold instruction signal 
is output The mean braking force is determined by ratio of the pressure-increase time tj to the pressure-reduction time 
30 tr corresponding to the pressure in the master cylinder. Very small vibration is applied to the mean braking force by 
switching between the pressure-increase mode and the pressure-reduction mode at every one-half cycle 112 corre- 
spond ng to the resonance frequency. 

The wheel-behavior-quantrty servo controller of the fourth embodiment is provided with a wheel-speed micro- 
amplitude sensing section 50 for sensing the amplitude g^v of very small vibration of the wheel resulting from the very 
35 small resonance of the braking force, and a braking-pressure micro-amplification sensing section 52 for sensing the 
very small amplitude P v in the braking pressure. 

With regard to the micro-amplitude P v of the wheel rrinute-excrtation amplitude section 50 and the braking force, 
please refer to the third embodiment (shown in FIG. 4) in accordance with the first aspect of the invention. 

The limit determination device 41 Od is comprised of a micro-gain calculation section 454 which calculates a rricro- 
40 gain Qd from a sensed wheel-speed mk^o-amplrtude and a brake pressure micro-ampliturje P v ; and a determina- 
tion section 456 which determines the limit of the characteristics of friction torque by comparing the calculated micro- 
gain Qd and the reference gain G^ Of these elements, the micro-gain calculation section 454 can be formed as a 
divider for performing operations by Eq. (32). 

The target-behavior-quarrfity calculation section 435 of the third embodiment calculates a target value (a target 
45 quantity of behavior) of the quantity of behavior of the wheel for causing the micro-gain to follow a target valua 

The operation of the target-behavior-quarttity servo controller of the fourth embodiment of the fourth aspect of the 
invention wfll be described. 

When the micro-gain Qj is calculated by the micro-gain calculation section 454, the determination section 456 
determines the limit of the characteristics of the friction torque by the comparison between the micro-gain Qd and the 

so reference gain Gg. For example, if the micro-gain is greater than the reference gain G^ it is determined that the char- 
acteristics of the friction torque do not reach the limit In contrast if the micro-gain Gd becomes smaller than the refer- 
ence gain it is determined that the characteristics of the friction torque reach the limit 

As shown in FIG. 49B, in the case of the road surface in which the friction torque gradient significantly changes 
when the characteristics of the friction torque exceed the Emit point, the micro-gain becomes suddenly smaller than 

55 the reference friction torque gradient in the vicinity of the limit point Therefore, the limit point can be determined with a 
high degree of accuracy. Further, as shown in FIG. 49A, in the case of the road surface having the ordinary character- 
istics of the friction torque, the micro-gain Gd becomes small in the vicinity of the limit point Therefore, the limit point 
can be determined with a high degree of accuracy. 
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If the characteristics of friction torque of the i-th wheel are determined to reach the limit, the target behavior-quantity 
calculation section 434 calculates a target quantity of behavior of the wheel-behavior-quarrtity regarding the i-th wheel 
which causes the micro-gain of the i-th wheel to follow a target value (zero if the friction torque follows the maximum 
value). For example, the set target deceleration is subtracted from the current value by a comparatively targe value cor- 
5 responding to the difference between the micro-gain and the reference gain Gg in every control step. 

The behavior-quantity servo calculation section 436 calculates the amount of ABS operation for reducing to zero 
the difference between the calculated target amount of behavior and the detected amount of behavior of the wheel. The 
ABS actuator 422 actuates the control valves so as to effect the calculated amount of ABS operation, whereby the fric- 
tion torque is controlled so as to follow the peak value. 
w In contrast, if the characteristics of friction torque are determined not to reach the limit, the target behavior-quantity 
calculation section 434 calculates an ordinary target quantity of behavior corresponding to the pressure in the master 
cylinder which is the quantity of the driver's operation. As a result, the friction torque is controlled so as to follow the 
target value responsive to the driver's action. 

In this embodiment, the limit of the characteristics of the friction torque can be correctly determined with a high 
is degree of accuracy regardless of the state of the road surface, and the friction torque is controlled so as to follow the 
maximum value if the characteristics of the friction torque are determined to exceed the limit Therefore, stable control 
can be effected even on the road surface in which the characteristics of the friction torque significantly change at the 
saturation point, which makes it possfele to ensure prevention of wheel locking. 

Particularly, the micro-gain which drastically reduces in the region of limit of the friction torque characteristics is 
20 used in the fourth embodiment the Emit of the characteristics of the friction torque can be determined with a consider- 
ably high degree of accuracy. 

Although the errtxxfirnents of the present invention have been described, the present invention is not limited to 
these embodiments. Various modifications of the embodiments can be contrived without departing from the principle of 
the invention. 

25 For example, in the first embocfiment the saturation point employed Eq. (63) may be determined by use of the fol- 
lowing relationship: 

T b <T M . (69) 

30 where T b is braking torque obtained at the point in time by the braking torque sensing section 1 4 in FIG. 1 , and rep- 
resents braking torque obtained by substitution of the wheel deceleration y 0 sensed by the wheel deceleration section 
12 into Equation (9) which is obtained by assuming that the slip speed is constant in the state of equilibrium while the 
wheel deceleration is approaching the target valua 

Although the means for exciting the brake pressure in a very small amount is implemented by regulating the time 

35 required to increase or decrease the pressure in the control valve in the fourth embocfiment the present invention is not 
limited to this example. Braking force may be directly imparted to the brake tfisc through use of a piezoelectric actuator 
which causes expansion and contraction corresponefing to a very-small-excitation instruction signal. 

EXPERIMENTAL EXAMPLES OF THE FOURTH ASPECT: 

40 

Explanation wild be given of experimental examples in which the wheel-deceleration servo controller according to 
the first and second errtxxiirnents of the fourth aspect of the invention are operated under specific conditions. 

[First Example] 

45 

With reference to FIGs. 51 A to 51 C, an explanation will be given of the result of simulation in which the wheel decel- 
eration servo controller of the first embodiment controls the wheel deceleration so that it follows target wheel decelera- 
tion when harsh brakes are applied on a road having a low friction coefficient u. 

FIG. 51 A shows variations with time in the wheel speed (indicated by a solid line) and the vehicle speed (indicated 

so by a broken line). As shown in the drawing, the wheel speed remains different from the vehicle speed after time 1 s at 
which application of brakes is commenced. However, with the exception of the immediately after the cornmencement of 
braking action, the difference (i.e., the sip speed) between the wheel speed and the vehicle speed is maintained con- 
stant until the wheel speed becomes zero. It is seen that there is a state of equilibrium in which the slip speed is con- 
stant; namely, the wheel deceleration agrees with the target deceleration in an approaching manner. 

55 FIG. 51B shows variations with time in the sensed wheel deceleration (Indicated by a solid line) and the target 
wheel deceleration (indicated by a broken line). As shown in the drawing, it is admitted that there is a slight difference 
between the wheel deceleration and the target deceleration during the period of time from 1s to 1.4s after the brake 
starting time (1s). However, the difference is negligee, and there is ateo a tendency for the wheel deceleration to follow 
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the target deceleration. Therefore, it may be safety said that the wheel deceleration substantially matches the target 
deceleration. After time 1 .4s, it is seen that the wheel deceleration substantially acpees with the target deceleration, and 
target follow-up control property works in response to the application of harsh brakes. 

FIG. 51C shows variations with time in the sensed braking torque T b (indicated by a solid line) and braking torque 
5 Tjjo fmcficated by a broken One) calculated by Eq. (58) through use of the sensed wheel deceleration. As shown in the 
drawing, T b becomes smaOer than Tto during the perkxJ of time over which 

ing time (1s). This means that Eq. (63) (or Eq. 69) holds. The limit determination device 410a in FIG. 45 determines that 
the characteristics of friction torque are saturated during the period of this time. The target deceleration calculation sec- 
tion 16 rec&jces at every control step until T b substantially matches The target deceleration y 0 is calculated 
10 from Tjjo by Eq. (58). 

As has been described with reference to FIG. 51 B, the wheel deceleration substantially matches the target decel- 
eration even during the period of time over which the characteristics of braking torque are saturated. Hence, it is under- 
stood that the characteristics of friction torque do not exceed the limit and target foDow-up control properly functions. 
As shown in FIG. 51C, T b substantially matches after time 1.6s. It means that braking force is property controlled 
75 so as to follow the peak friction coefficient u at the saturation point shown in FIG. 50 without wheel locking. 

With reference to FIGs. 52Ato 52C, an explanation wOl be given of the result of simulation in which the wheel decel- 
eration servo controller of the first embodiment controls the wheel deceleration so that it follows target wheel decelera- 
tion when harsh brakes are applied on a road having a high friction coeff icient u. 

As shown in FIGs. 52Ato52C, it is understood that the target follow-up control property works even on the road of 
20 high friction coeff icient ji as does on the road of low friction coefficient \i shown in FIGs. 51 A to 51 C. Since the road has 
a high friction coefficient p. the period of time over which the wheel comes to stop is short. Further, as shown in FIG. 
52C, the period of time (1s to 1 .5s) over which the characteristics of braking torque are determined to become saturated 
is also shorter than that shown in FIGs. 51 A to 51C. 

The results of the foregoing simulation show that the wheel deceleration servo controller of the f irst erntxxfiment of 
25 the present invention is capable of permitting pursue of a stable target value without wheel locking regardless of 
whether the road has a high or lew friction coefficient \u 

(Second Example) 

30 With reference to FIGs. 53A to 53C, an explanation will be given of the result of simulation in which the wheel decel- 
eration servo controller of the second embodiment controls the wheel deceleration so that it follows target wheel decel- 
eration when harsh brakes are applied on a road having a low friction coefficient u- 

FIG. 53A shows variations with time in the wheel speed (indicated by a solid line) and the vehicle speed (indicated 
by a broken line). As shown in the drawing, the wheel speed remains different from the vehicle speed after time 1s at 

35 which application of brakes is commenced. However, with the exception of the immediately after the commencement of 
braking action, the difference (i.e., the slip speed) between the wheel speed and the vehicle speed is maintained at a 
slight difference until the vehicle comes to stop. This means that no wheel locking has occurred. 

FIG. 53B shows variations with time in the sensed wheel deceleration (indicated by a sofid Gne) and the target 
wheel deceleration (incficated by a broken line). As shown in the drawing, it is admitted that there is a slight difference 

40 between the wheel deceleration and the target deceleration during the period of time from 1s to 1.2s after the brake 
starting time (1s). However, the cfifference is negfigfcle, and there is also a tendency for the wheel deceleration to pur- 
sue the target deceleration. Therefore, it may be safely said that the wheel deceleration substantially matches the target 
deceleration. After time 1 2s, it is seen that the wheel deceleration substantially agrees with tr^ 
target follow-up control properly works in response to the application of harsh brakes. 

45 FIG. 53C shows variations with time in the calculated and estimated friction torque gradient As shown in the draw- 
ing, the friction torque gradient has a sharp drop after time 1 s at which the friction action is commenced. A value less 
than a given value is maintained until the vehicle comes to stop. In short it is shown that a small value in the vicinity of 
the peak friction coefficient ji is maintained, and target-pursuing control property works without wheel locking. 

With reference to FIGs. 54A to 54C, an explanation wfll be given of the result of simulation in which the wheel decel- 

so eration servo controller of the second embodiment controls the wheel deceleration so that it follows target wheel decel- 
eration when harsh brakes are applied on a road having a high friction coefficient ji. 

As shewn in FIGs. 54A to 54C, it is understood that the target follow-up control property works even on the road of 
high friction coefficient \i as does on the road of low friction coefficient u shown in FIGs. 53 A to 53C. 

The results of the foregoing simulation show that the wheel deceleration servo controller of the second embodiment 

55 of the present invention is capable of permitting pursue of a stable target value without wheel locking regard ess of the 
state of road surface. 

As has been descrfoed above, in accordance with the first aspect of the present invention, the locked state of the 
wheel is detected by estimating the friction torque gradient from time-series data concerning the wheel speed, and by 
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controlling a braking force in accordance with the friction torque gracfierrt rather than by the comparison between the 
wheel speed and the vehicle speed or the comparison between sfip rates. As a result, stable and comfortable arrtMock 
brake control can be effected with a high degree of accuracy regardless of the state of the road surface. 

Also, in accordance with the first aspect of the present invention, a small number of matrix elements are employed 

5 as parameters to be identified, such as a physical quantity representing both the time history of the physical quantity 
related to the wheel speed and the time history of the physical quantity related to the change of variation in the wheel 
speed. Therefore, the accuracy of calculation is improved, and computation time is reduced. Since the present invention 
requires detection of only the wheel speed, the anti-lock brake system can be simplified. 

Moreover, in accordance with the first aspect of the present invention, the locked state of the wheel is detected by 

w estimating the friction torque gradient from time-series data concerning the wheel speed, and by controlling a braking 
force in accordance with the friction torque gradient rather than by the comparison between the wheel speed and the 
vehicle speed or the comparison between sfp rates. As a result, stable and comfortable anti-lock brake control can be 
effected with a high degree of accuracy regardless of the state of the road surface. 

Further, in accordance with the first aspect of the present invention, the state of motion approximated by a gradient 

is model is transformed into the relationship between the friction torque gradient which is a parameter to be identified, the 
physical quantity associated with the change in the friction torque, and the physical quantity concerning the change in 
the sip speed, and this relationship is subjected to the on-line system identification method. As a result, the friction 
torque gradient is estimated, and the number of parameters to be identified can be reduced to one. Consequently, sig- 
nificant improvements in the accuracy of computation and considerable reduction in computation time are achieved. 

20 Moreover, in accordance with the f irst aspect of the invention (as disclosed in claim 7), the state of motion of each 
wheel and the state of motion of the vehicle are used together with the first and second models. In a first model, a non- 
linear variation in the friction torque of each wheel with respect to disturbance in the slip speed of each wheel in the 
vicinity of the equilibrium point is represented as a Gnear variation which changes within a first range In a second 
model, a nonlinear variation in the gradient of the friction torque of each wheel with respect to Disturbance in the sip 

25 speed of each wheel in the vicinity of the equflibriurn point is represented as a Gnear variation which changes within a 
second range. The above-descrbed amount of application of the braking force to each wheel is determined such that 
the first and second ranges fall within a predetermined allowable range and that the gradient of friction torque deter- 
mined by the second model which is designed in such a way that the second range falls within the predetermined allow- 
able range matches the gradient of friction torque estimated by the torque-gracfierrt estimating means. The braking force 

30 acting on each wheel is controlled in accordance with the thus-obtained amount of application of the braking force. As 
a result, elaborate anti-lock brake control can be effected in consideration of interference between the four wheels. 

In the present invention, in accordance with micro-gains which reflect variations in the vibration characteristics of 
the wheel resonance system, the friction torque gradient equivalent to the micro-gains is estimated. Therefore, an esti- 
mated value with a considerably high degree of accuracy is obtained. 

35 In the second aspect of the invention, the starting point for control is determined in accordance with the friction 
torque gradient which correctly and stably reflect the state of motion of the wheel. Consequently, the starting point for 
control can be determined stably and correctly without the need of the friction coefficient ji of the road surface on which 
the vehicle travels or the speed of braking action. 

In the third aspect of the present invention, either the front two wheels or the rear two wheels are excited in a very 

40 small amount and are subjected to anti-lock brake control. Further, since the wheel speeds of the remaining two wheels 
are controlled so as to match the wheel speeds of the antHock-corrtrolled two wheels, the number of wheels to be 
excited in a very small amount is reduced to two, which in turn corrtrtoutes to a reduction in the number of rrdcro-exciting 
means. Further, stable and correct brake control of all the wheels becomes feasible irrespective of the state of road sur- 
face. Further, if the anti-lock brake controller is constructed so as not to excite two drive wheel in a very small amount, 

45 the interference between the right-side and left-side drive wheel due to the transmission of very small amounts of vibra- 
tion over the drive shaft can be prevented. As a result, interference between the right and left drive wheel can be pre- 
vented. 

According to this aspect of the present invention, the speed of the two reference wheels is directly used so as to 
control the speed of the other two wheels through follow-up control. In comparison with the case where the follow-up 

so control is effected using a slip rate calculated from the wheel speed, computation time and memory required for calcu- 
lation can be omitted. Further, the deterioration of control performance due to computation errors can be prevented. 

According to the third aspect of the present invention (as claimed in claim 10). if it is deterrrtined that the dfference 
in friction coefficient between the left-side and right-side road portions exceeds the reference value, the braking force 
acting on the wheel on the road surface having a low friction coefficient is excited in a very small amount so that the 

55 friction coeff icient can become the peak value. The braking force acting on the other wheel is controlled so as to match 
with the braking force of the excited wheel, enabling correct and stable braking action. Even in the case of a split road 
affording differing coefficients of friction from left to right the same amount of braking force acts on the wheels on both 
sides, enabfing stable vehicle running. 
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In this third aspect of the present invention, if it is determined that the difference in friction coefficient between the 
left-side and right-side road portions exceeds the reference value, only the braking force acting on one of the two refer- 
ence wheels on the road surface of lew friction coefficient is excited in a very small amount so that the friction coeff icient 
can become substantially the peak value. The braking force acting on the other wheel of the two reference wheels is 

5 controlled so as to match the braking force acting on the excited wheel. Further, the speed of the two wheels other than 
the reference wheels is controlled so as to match the speed of the two reference wheels. Therefore, correct and stable 
braking control becomes feasible, and the number of wheels to be excited in a very small amount can be reduced to the 
minimum required number. Further, even in the case of the split road affording differing coefficients of friction from left 
to right, instable vehicle running and interference between the right and left drive wheel can be eliminated. 

10 Further, in the fourth aspect of the invention, the friction torque gradient with respect to a sGp speed or the physical 
quantity associated with this friction torque gadient via the motion of the wheel, is calculated as the quantity of limit 
determination. In accordance with the result of limit determination of the friction torque characteristics based on the 
quantity of limit determination, there is calculated a target value of the quantity of wheel behavior to be controlled such 
that the characteristics of the friction torque does not exceed the limit. Therefore, in comparison with the case where 

15 the target value is pursued by feecfing back merely one physical quantity, target follow-up control can be more property 
carried out regardless of whether or not the road surface causes drastic variations in the friction torque gradient 

Claims 

20 1 . An anti-lock brake controller comprising: 

wheel-speed sensing means which senses a wheel speed at given sampling intervals; 
torque-gradient estimating means which estimates a gradient of friction torque with respect to a slip speed in 
accordance with time-series data concerning the wheel speed detected by said wheel-speed sensing means; 
25 and 

control means which controls braking forces acting on wheels in such a way that the gradient of friction torque 
estimated by said torque-gradient estimating means falls within a predetermined range including a reference 
value. 

30 2. An anti-lock brake controller according to Claim 1 , wherein said torque-gradient estimating means comprises: 

first computation means which calculates a physical quantity related to a variation in the wheel speed and a 
physical quantity related to a change of the variation in the wheel speed in accordance with the time-series 
data concerning the wheel speed; and 

35 second computation means which calculates a physical quantity representing both a time history of the physi- 

cal quantity related to the variation in the wheel speed and a time history of the physical quantity related to the 
change of the variation in the wheel speed, in accordance with the physical quantity related to the variation in 
the wheel speed and the physical quantity related to the change of the variation in the wheel speed calculated 
by said first computation means, and which estimates the gradient of friction torque in accordance with the 

40 thus-calculated physical quantity. 

3. An anti-lock brake controller according to Claim 2, wherein said second computation means approximates a state 
of motion of the wheel obtained when the friction torque and the braking forces are exerted on the wheel, using a 
gradient model in which the friction torque changes linearly in accordance with the gradient of friction torque with 
45 respect to the slip speed; 

previously converts the thus-approximated state of motion into a relationship between the gradient of friction 
torque with respect to the sOp speed, which is a parameter to be identified, the physical quantity which is 
related to the variation in the wheel speed and the physical quantity which is related to the change of the vari- 
so ation in the wheel speed; and 

estimates the gradient of friction torque with respect to the slip speed by applying an on-line system identifica- 
tion method to data obtained by sequentially applying to the relationship the time-series data concerning the 
wheel speed. 

55 4. An anti-lock brake controller according to Claim 3, wherein said first computation means calculates the physical 
quantity related to the variation in the wheel speed according to the Equation: 
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5 where ©Jk] represents time-series data concerning the speed of an i-th wheel detected at a sampling point in time 
k(k = 1, 2 ). x represents a sampGng interval, and J is an inertia of the wheel; and 

calculates the physical quantity related to the change of the variation in the wheel speed according to the 
Equation: 

70 

VjM = - <Dj[k] + 2©i[k - 1] - ©j[k - 2], and 

said second computation means estimates the physical quantity 6j representing the time history of the physical 
quantity related to the variation in the wheel speed and the time history of the physical quantity related to the 
is change of the variation in the wheel speed in accordance with the recurrence formula: 

e j M = e j tk-i] + L i [k](y i M-* i M T • e f [k-iD 
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1 + ♦,[*] 7 P/l/r-1]*/*] 



where A. is a forgetting factor, and " T " is a transposition of a matrix; and 

obtains a first element of the matrix of an estimated value 0, as the gradient of friction torque with respect to 
30 the slip speed. 

5. An anti-lock brake controller comprising: 

wheel-deceleration sensing means for sensing a wheel deceleration; 

35 braking torque sensing means for sensing a braking torque; 

torque-gradient estimating means which estimates a gradient of friction torque with respect to a slip speed in 
accordance with time-series data concerning the wheel deceleration detected at given sampling intervals, and 
time-series data concerning the braking torque detected at given sampling intervals or a physical quantity 
related to the braking torque; and 

40 control means which controls braking forces acting on the wheels in such a way that the gradient of friction 

torque estimated by said torque-gradient estimating means falls within a predetermined range including a ref- 
erence value, 

wherein said torque-gradient estimating means approximates a state of motion of the wheel obtained 
when the friction torque and the braking torque are exerted on the wheel, using a gradient model in which the 

45 friction torque changes linearly in accordance with the gradient of friction torque with respect to the slip speed, 

previously converts the thus-approximated state of motion into a relationship between the gracfient of friction 
torque with respect to the slip speed, which is a parameter to be identified, a physical quantity which is related 
to a variation in the friction torque and a priysk^c^jan%w which 
are both represented by the braking torque and the wheel deceleration; and 

so estimates the gradient of friction torque with respect to the slip speed by applying an on-line system identifica- 

tion method to data obtained by sequentially applying to the relationship the time-series data concerning 
detected wheel deceleration and the time-series data concerning the braking torque or the physical quantity 
related to the braking torque. 

55 6. An anti-lock brake controller according to Claim 5, wherein said toque-gradient estimating means estimates the 
gracfient of fricbon torque of each wheel in a manner such that provided that "yj[fl" represents time-series data con- 
cerning the wheel deceleration of an i-th wheel at a sampling point in time V TbJD" represents time-series data 
concerning braking torque, V represents the given sampling interval, "J" represents an inertia of the wheel, "Re" 
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represents a radius of the wheel, "M" represents a mass of the vehicle, TbflT represents a vector which includes 
as components the time-series data concerning the braking torque of each wheel, "yflT represents a vector which 
includes as components the time-series data concerning the deceleration of each wheel, T represents a unit 
matrix, and "A" represents a matrix which includes {(J/MRc 2 ) + 1} as diagonal elements and J/MRc 2 as nondtagonal 
elements, the physical quantity T concerning the variation in the friction torque and the physical quantity $ con- 
cerning the variation in the slip speed are expressed by the Formulae: 

f = -J(yD + l]-yffl) + T b D + 1]-T b D] 
4> = x • A • yD] + 5fl- A ) T b[D; 



provided that "K* is a matrix which includes as components the gradient of friction torque of each wheel which 
is a parameter to be identified, the approximated state of motion is previously converted into the Equation: 

K • <|>=f; 

data are obtained by sequentially applying to the previous Equation the time-series data y,[D 0=1.2, 3, ...) con- 
cerning the wheel deceleration and the time-series data T^Q] (j = 1 , 2, 3, ...) concerning the braking torque; and 
an on-line system identification method is then applied to the thus-obtained data, whereby the gradient of fric- 
tion torque of each wheel is estimated. 

An anti-lock brake controller according to Claim 1 , wherein said control means uses: 

a state of motion of each wheel obtained when the friction torque and an amount of application of a braking 
force which acts on the wheel in the vicinity of an equilibrium point are exerted on each wheel; 
a state of motion of the vehicle obtained when the friction torque developed in each wheel is exerted on the 
overall vehicle; 

a first model in which a nonlinear variation in the friction torque of each wheel with respect to disturbance in 
the slip speed of each wheel in the vicinity of the equilibrium point is represented as a linear variation which 
changes within a first range with respect to disturbance in the slip speed of each wheel; and 
a second model in which a nonlinear variation in the gradient of the friction torque of each wheel with respect 
to disturbance in the slip speed of each wheel in the vicinity of the equilibrium point is represented as a linear 
variation which changes within a second range with respect to the disturbance in the slip speed of each wheel, 
thereby calculating an amount of application of the braking force to each wheel such that the first and second 
ranges fall within a predetermined allowable range and that the gradient of friction torque determined by the 
second model which is designed in such a way that the second range falls within the predetermined allowable 
range matches the gradient of friction torque est imat ed by the torque-gradient estimating means; and 
controlling the braking force acting on each wheel in accordance with the thus-obtained amount of application 
of the braking force. 

An anti-lock brake apparatus having a torque-gradient estimating means comprising: 

micro-exciting means for exciting brake pressure in a very small amount at a resonance frequency of a vibra- 
tion system made up of a vehicle body, wheels, and road surface; 

micro-gain computation means for calculating a micro-gain which is a ratio between a very small amplitude of 
brake pressure obtained when the brake pressure is excited in a very small amount by said micro-exerting 
means and a very small amplitude of the resonance frequency component of wheel speed; and 
output means which estimates a grarfent of friction torque with respect to a slip speed in accordance with the 
micro gain calculated by said micro-gain computation means and which outputs the thus-estimated gradient of 
friction torque. 

An anti-lock brake controller comprising: 

micro-exerting means which excites braking forces acting on either the front two wheels or the rear two wheels, 
serving as reference wheels, in a very small amount at a predetermined frequency; 
vrbraticrw^aracteristics sensing means which senses vibration characteristics of wheel speed of each of the 
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two reference wheete; 

braking-force control means for controlling the braking forces acting on the two reference wheels in accordance 
with variations in the vibration characteristics of each of the two reference wheels in such a way that a friction 
coefficient between the two reference wheels and the road surface substantially reaches a peak value; and 
5 wheel speed control means for controlling the wheel speeds of the left-side wheel and the right-side wheel of 

the remaining two reference wheels so as to match the respective wheel speeds of the left-side wheel and the 
right-side wheel of the two reference wheels. 

10. An anti-lock brake controller comprising: 

determination means for determining whether or not a cfifference in friction coefficient ji between a left-side 
road surface portion and a right-side road surface portion is in excess of a reference value; 
micro-exciting means which excites in a very small amount at a predetermined frequency only braking force 
acting on the wheels in contact with the road surface portion having a low friction coefficient \i when the differ- 
ence has been determined to be in excess of the reference value, and excites in a very small amount at a pre- 
determined frequency braking forces acting on the wheels on both sides when the difference has been 
determined not to be in excess of the reference value; 

^ration-characteristics sensing means for sensing vibration characteristics of speeds of the wheels whose 
braking forces are excited in a very small amount 

braking-force control means for controlling the braking forces acting on the excited wheels so that the friction 
coefficient between the excited wheels and the road surface substantially reaches a peak value in accordance 
with variations in the vibration characteristics of the excited wheels; and 

friction-force control means for controfling a friction force acting on the wheels on the high-u road surface so as 
to match a friction force acting on the wheels on the low-n road surface when the difference is in excess of the 
reference value. 

11. An anti-lock brake controller according to Claim 9, wherein said micro-exciting means treats the front two wheels 
or the rear two wheels as reference two wheels, said micro-exciting means exciting in a very small amount at a pre- 
determined frequency only the braking force acting on the wheels in contact with the road surface portion having a 

30 low friction coefficient u when the difference has been determined to be in excess of the reference value, and excit- 
ing in a very small amount at a predetermined frequency the braking forces acting on both reference wheels when 
the difference has been determined not to be in excess of the reference value; and 

wheel speed control means is further provided in order to control the wheel speeds of the left-side wheel and 
35 the right-side wheel of the remaining two reference wheete so as to match the respective wheel speeds of the 

left-side wheel and the right-side wheel of the two reference wheels. 

12. A control start determination method comprising: 

a wheel speed sensing step for sensing the speed of a wheel at predetermined sampling intervals; 
a torque-grarJerrt estimating step for estimating a friction torque gradient with respect to a slip speed based on 
time-series data regarding the wheel speed sensed in the wheel speed sensing step; and 
a determination step for determining a starting point for the control to bring the wheel into a predetermined 
state of motion in accordance with the friction torque grarJertt estimated in the torque-gradient estimating step. 

13. A control start determination method according to Claim 12, wherein said torque-gradient estimating step com- 
prises: 

first computation step which calculates a physical quantity related to a variation in the wheel speed and a phys- 
ical quantity related to a change of the variation in the wheel speed in accordance with the time-series data 
concerning the wheel speed; and 

second computation step which calculates a physical quantity representing both a time history of the physical 
quantity related to the wheel speed and a time history of the physical quantity related to the change of the var- 
iation in the wheel speed, in accordance with the physical quantity related to the variation in the wheel speed 
and the physical quantity related to the change of the variation in the wheel speed calculated by said first com- 
putation means, and which estimates the gradient of friction torque in accordance with the thus -calculated 
physical quantity. 
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14. A control start determination method according to Claim 13. wherein said first computation step calculates the 
physical quantity related to the variation in the wheel speed according to the Equation: 



+ M- p{©/[k-1]-©/[k-2]lAJ-| 



where ©j[k] represents time-series data concerning the speed of an i-th wheel detected at a sampling point in time 
k (k = 1 , 2 ). x represents a sampling interval, and J is an inertia of the wheel; and 

calculates the physical quantity related to the change of the variation in the wheel speed according to the 
Equation: 

y j[k] = - a + 2©,[k - 1] - ©Jk - 2], and 



said second computation step estimates the physical quantity 8j representing the time history of the physical 
quantity related to the variation in the wheel speed and the time history of the physical quantity related to the 
change of the variation in the wheel speed in accordance with the recurrence formula: 

& i M=0 i [k-1] + L i [k](y i [k3-* i [k] T • dflk-ID 
L,W- P J*- 1 W*1 

where X is a forgetting factor, and " T " is a transposition of a matrix; and 

obtains a first element of the matrix of an estimated value 0, as the c/adierrt of friction torque with respect to 
the slip speed. 

15. A whee!4>ehavior-quarrtrty servo controller comprising: 

wheeW>ehavior-quarrtity detecting means for detecting a quantity of behavior of a wheel which is a physical 
quantity associated with a motion of the wheel; 

limit determination means which calculates, as a quantity of limit determination, a friction torque gracSent incfi- 
cating a gradient of friction torque with respect to a slip speed or a physical quantity associated with the friction 
torque gradient via the wheel motion, and which determines the limit of the characteristics of the friction torque 
between the wheel and the road surface in accordance with the quantity of limit determination; 
target-behavtor-quantity calculation means which calculates a target value of the quantity of wheel behavior 
used for controlling the quantity of limit determination to within the Brrrit of friction torque characteristics in 
accordance with the result of limit determination of said Emit determination means; and 
servo control means which controls the motion of the wheel so as to cause the quantity of wheel behavior 
detected by said wheek>ehavior-quantity detecting means to follow the target value of the quantity of wheel 
behavior calculated by the target-behavia-quantity calculation means. 

16. A wheel-behavior-quarttity servo controller according to Claim 15, further comprising braking torque sensing 
means for sensing a braking torque, wherein 

said wheeH>ehawor-quarrtrty detecting means calculates a wheel deceleration as the quantity of behavior of a 
wheel; and 

in accordance with the detected braking torque and the detected wheel deceleration, said firrit determination 
means calculates, as a quantity of limit deterrrtinatkxi, either wheel deceleration or braking torque which will be 
obtained on the assumption that the sfip speed is constant in the state of equflfcrium of motion of the wheel, 
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and in accordance with the comparison between the quantity of limit determination and the actually detected 
wheel deceleration, or the comparison between the quantity of limit deter pronation and the actually detected 
braking torque, said limit determination means determines the limit of the characteristics of friction torque 
between the wheel and the road surface. 

17. A wheel-behavior-quantity servo controller according to Claim 15, wherein 

said Emit determination means calculates, as a quantity of limit determination, a braking torque gradient based 
on time-series data of braking torque and time-series data of wheel deceleration and determines the limit of 
the characteristics of friction torque based on the quantity of limit determination. 

18. A wheel-behavior-quantity servo controller according to Claim 15, wherein 

said Bmct determination means calculates, as a quantity of limit determination, a friction torque gradient based 
on time-series data of wheel speed and determines the Emit of the characteristics of friction torque based on 
the quantity of Omit determination. 

19. A wheel-behavior<|uantity servo controller according to Claim 15, further comprising micro-exerting means for 
exciting a brake pressure in a very small amount at a resonance frequency of a vibration system made up of a vehi- 
cle body, wheels, and road surface, wherein 

said limit determination means calculates, as a quantity of limit determination, a micro-gain which is a 
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